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CHAPTER 1
INTRODUCTION
The advent of the laser in the early 1960's, not only provided a source of
high-intensity coherent light, but it also spurred investigations of other optical
materials.The development of these optical materials has led to significant
discoveriesandapplicationsinareassuchas fundamentalsciences,
communication, computing, data storage, medicine, and defense. During the past
two decades technological applications such as fiber optics, compact disks, and
laser machining have had a significant influence on the lifestyle of modern
societies.The key to success for these materials in the field has been their
abilities to simultaneously meet several severe requirements. For example, a new
nonlinear optical material, must exhibit sufficient birefringence for phase matching,
mechanical and chemical stability, a wide range of transparency, high optical
quality, and adequate crystal size. Of roughly 20,000 crystalline phases surveyed,
unfortunately, only several tens of different phases have ever been applied to
practical nonlinear optical frequency conversion.' Therefore, much of the success
of nonlinear optics relies on the discovery and development of new materials.2
A few borates have been shown to exhibit favorable nonlinear optical
properties at high powers and short wavelengths, and capabilities as efficient
frequency converters. Among them, 13-BaB204 (BBO) and LiB3O5 (LBO) have been
extensively used for frequency conversion of high-power laser light.2 Crystals of
LBO are relatively free of inclusions that greatly decrease the optical damage
threshold, giving LBOa damage threshold higher than that of any other
commercially available converter.Borates are also used as phosphors. These
include MgGdB5O10, MgLaB5O10, SrB4O7, and InB03 which are currently used in
fluorescent lamps and cathode-ray tubes.' The development of luminescent
materials for lighting, cathode-ray tubes, scintillator, X-ray screens, and most
recently, flat-panel displays, is dependent on the discovery of materials that
possess desirable properties such as high efficiency, UV durability, desirable color
rendition, and thermal stability.
My research presented here emphasizes the development of the crystal
chemistry of alkali-metal and alkaline-earth metal borates, focusing on new optical
frequency converters and luminescent materials. The motivation for studying these
systems derives from fusing the chemical, structural, and optical properties of
known materials and projecting a likely improved performance for materials yet to
be discovered.
Borate anions exist in numerous structural types since the B atom is found
in either three- or four-fold coordination modes. In this dissertation, I will describe
several new structural types that result from different combinations of these three-
and four- coordinate B atoms. These new structures encompass the orthoborate3
B03, pyroborate B205, triborate B305, tetraborate B407, pentaborate B509, and
polyborates B6010, B8013, 89015, and 810017.In Chapters 3 - 9, the crystal
chemistry, structures, and characteristics of new luminescent materials are
presented. In Chapter 3, 4, and 8, Eu2+ or Ce3+ luminescence results are also
described. In Chapter 10, the new layered polyborates Cs2M21310017 (M = Na, K),
resembling those of 2-dimensional clay-type structures, are described. Among the
nonlinear optical converters currently in use, LBO exhibits some favorable optical
properties at high powers and short wavelength. These desirable features stem
from the specific electronic structure of B307 rings and anionic group orientations
in the crystal.4 As part of my efforts to discover new nonlinear optical materials, I
found three structures containing the B307 ring; these results are detailed in
Chapter 11 - 13. Among them, Cs LiB6010 (CLBO), exhibits desirable optical
properties and crystal-growth characteristics.Both our calculations with free
anionic group theory and optical frequency-conversion measurements indicated
that this compound is an attractive and promising nonlinear optical material.
Section I. Crystal Chemistry of Borates
Anhydrous borates comprise those B-0 species of synthetic or natural origin
in the crystalline or vitreous states that exhibit B atoms linked either three 0 atoms
at the corners of a triangular plane or four 0 atoms at the vertices of a tetrahedron.
Borates have been widely used in glass, cleaning agents, paints, anticorrosive
agents, phosphors, laser hosts, and nonlinear optical materials. During the past few
years, greater interest has developed in crystalline borates because of their
favorable high optical damage thresholds and UV transparency for optical4
applications.I have undertaken the study of new alkali-metal and alkaline-earth
metal borates of potential interest as optical materials.From the different
combinations of 3- and 4-coordinate of B atoms, several new anhydrous borates
have been discovered. A classification scheme of these new structures is given
below:
1. Orthoborates containing the monometric, triangular-planar unit B03.
Compounds BaNaBO3, LiBaBO3, LiSrBO3, and LiCaBO3 exhibit such borate units
and are described in Chapter 2 and 3.
2. Pyroborates containing the unit B205 that consists of two triangles joined
by a common oxygen atom. Compounds SrMgB2O5 and SrMaZ ..0.84-n0.16-B2°5exhibit
only pyroborate groups, and they are discussed in Chapter 4.
3. Triborates containing B307 rings that comprise two triangular BO3 and one
tetrahedral B04 group. The B307rings are completely condensed into a 3-
dimensional framework by sharing vertices. The chemical formula of the anion in
structures can be simply obtained by counting the 0 atoms B303 +4/2 = B305.
Compounds Na4Li(B305)5, Naa,Lil 3(13305)5, BaNaB9O15, and CsLiB6010 exhibit such
borate rings are detailed in Chapters 11 - 13.
4. Tetraborates comprising B407 rings that are composed of two triangular
B03 and two tetrahedral B04 groups. Each group connects to two neighboring
groups by sharing vertices to form B409 rings that are fully condensed into a 3-
dimensional framework. The framework of the material NaLiB4O7 is constructed
from B407 rings and that is described in Chapter 5.
5. Pentaborates composed of B509 groups that consist of two kinds of rings -
B307 and B308. The B308 rings contain two tetrahedral B04 units and one B03
group. These two rings share a tetrahedrally coordinated B atom to form a B50115
group. As an isolated unit, it contains five terminal oxygen atoms, four of them are
shared to give the formula B507+4,2 = B509.In Chapter 68, I discuss four new
materials - SrKB5O9, SrNaB5O9, BaNaB5O9, and BaKB5O9, that contain B509
groups.
6. Polyborates containing the 88013 group that is constructed from B307 and
B5010 rings. The B5010 ring comprises four B03 triangular planes and two B04
groups. Two rings are linked together by either vertices or edges to form B8013
group that can be derived by B3034/2 +B5064/2 =B8013 The new compound
KLiB8O13 is described in Chapter 9.
7. Polyborates consisting of a 810017 group that is constructed by complete
condensation of B5011 rings. The five terminal 0 atoms in the B5011 ring are shared
by neighboring rings to form the 810017 extended network, giving the formula 2 x
(B506+5/2) = B10017. The layered compounds Cs2M21310017 (M = Na, K) are unique
structures, and they are detailed in Chapter 10.
Section II. Optical Frequency Converters (SHG)
The discovery and study of nonlinear optical (NLO) materials has developed
into a active field of materials research since frequency conversion of laser light
was first witnessed in a quartz crystal in 1961.5 Laser light can be converted from
one frequency to another by using nonlinear optical materials, thus significantly
increasing the range of applications (Figure 1.1). Monochromatic light generated
at shorter wavelengths has been widely used in areas of fundamental science,
industry, and defense.
The power (P2.) in second harmonic generation (SHG) from a crystal of length L,
may be approximated by Eq. 1.1,66
co 2w
Fundamental Laser Beam
.1-
Second Harmonic Output
Figure 1.1Frequency conversion of Light viaa crystalline medium.rsin2L AK/21
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here P, is the power of the incident beam, djm is the SHG coefficient, au, is the
absorption coefficient of the crystal at the fundamental wavelength, a2. is the
absorption coefficient of the crystal at the second harmonic wavelength, and AK is
the wave vector mismatch between the fundamental and second harmonic waves.
The exponential term approximates the absorption characteristics of the NLO
crystal and the sin term describes the ability to phase match the incoming and
doubled waves. It is evident from Equation 1.1. that high powers can be obtained
in the second harmonic wave with a large second harmonic coefficient.If the
absorption bands of the crystal overlap either the fundamental or second harmonic
wavelength, an exponential decrease in the output power will ensue. The phase
mismatch between the fundamental and second harmonic waves also affects the
second harmonic output power.
The macroscopic second harmonic coefficient is defined as
d.x(2) 0.0 c)=_E R .R .RK[3.. (to co)
qk
jrn IJK v hJik [Eq. 1.2]
where V is the volume of the unit cell, the R direction cosines relate molecular
coordinates to crystal coordinates, and the coefficients13,jk(w,co)are the
microscopic hyperpolarizability tensor components for the relevant anionic groups.
13iik(co,co)=h 2E E<glPile><elPile'><elPkig>
Ii
P e,e' e-CO g-2(.0)(031-0)g
[Eq.1.3]8
In Eq. 1.3 g> represents a ground electronic state, and l e> and l e'> represent
excited electronic states.
An explanation of Equation 1.3 may be gained by considering the ijk
subscripts for [3; here, ijk can be 1, 2, or 3 (=-- x, y, or z). The subscript i indicates
the direction of polarization induced by the incoming photons and the subscripts j
and k signify the directions of electric polarization for the incoming photons. The
quantity [3333 describes the magnitude of polarization induced in the z direction
when two photons also polarized along z are incident on a molecule. By permuting
over all possible ijk values, every possible interaction is described.
For a material to qualify for efficient second harmonic conversion, it should
possess a large second harmonic coefficient and the hyperpolarizability tensors
must sum constructively.Itshould be noncentrosymmetric,sinceina
centrosymmetric crystal each positive [3ijk will have a negative partner -13iik that will
lead to Equation 1.2 summing to zero. The integral specified in the numerator of
Equation 1.3 represents the transition moments associated with the ground and
excited states in the three-photon process.The denominator represents the
differences in energies between the energy gaps and the fundamental and second
harmonics.
The Czochralski process, by far,isthe most efficient and common
technique for crystal growth from a melt. A congruent material, however, is
essential for application of the technique.Unfortunately, only a few crystalline9
phases come close to melting congruently. Therefore, congruence is one of the
desirable characteristics for a new nonlinear material.
All of the above mentioned characteristics play an important role in dictating
the utility of a new material. The aforementioned characteristics are only a few of
the necessary chemical and mechanical characteristics for a useful frequency
doubler.'
Other conditions that are desirable for applications:
1. Melt congruently
2. Noncentrosymmetric structure
3. Chemical stability and mechanical strength
4. High optical quality
5. High damage threshold
6. Wide transparency range
7. Large birefringence to allow easy phase matching
8. Large nonlinear coefficients
Two borates, BBO and LBO, have been used commercially as frequency
converters in the UV region.' BBO has large nonlinear coefficients, 3 to 6 times
that of the well-known converter KDP.5 The fifth harmonic generation of 1.06 pm
Nd:YAG to 213 nm has been demonstrated in BBO with 11% overall efficiency.'
LBO exhibits a lower threshold power than BBO and it has capabilities as an
efficient frequency converter at high powers. LBO can achieve higher second
harmonic efficiencies for mode-locked YAG lasers than KTP because of damage
limitations in the latter crystals. LBO has the highest reported damage threshold10
of any commercially available solid-state frequency converter. Also, it has been
shown to exhibit a threshold power for 50% conversion efficiency that is two orders
of magnitude lower than that of KDP; it is optically transparent in the range 160 nm
to 2.6 pm, making it useful for applications in the UV region.
The favorable nonlinear properties of LBO are derived from the borate
matrix of B307 rings. As one of my projects to identify new nonlinear materials, I
discovered three new structures possessing matrices similar to that of LBO. Their
structures and characteristics are described in Chapter 11 - 13. Among these
materials, the compound CsLiB6O10 (CLBO) is particularly important, both from
powder SHG measurements and computations, we predicted CLBO was a
promising NLO material.These results have recently been verified by other
researchersl° and an unsurpassed ease of crystal growth has been established for
the material.
Section III. Luminescent materials
A luminescent material (phosphor) may be defined as a solid that converts
certain types of energy into electromagnetic radiation over and above thermal
radiation.11Luminescence can be excitedby many typesofenergy.
Photoluminescence is excited by electromagnetic (often ultraviolet) radiation,
cathodoluminescence by a beam of energetic electrons, electroluminescence by
an electric voltage, triboluminescence by mechanical energy, e.g., grinding, X-ray
luminescence by X rays, chemiluminescence by the energy of a chemical reaction,
and so on.
Minimization of radiative energy losses and efficiency and color rendition are11
important considerations for phosphor materials.For some applications,
phosphors must have robust UV and thermal stabilities. Another consideration is
phosphor efficiency which is intimately connected to the quantum yield of the
material. Loss of efficiency through nonradiative pathways can be reduced by
isolating the active ions in the structure and by reducing the number of ions in the
framework that would lead to quenching. Today's researchers have concluded that
a three-color lamp is more efficient and has a better rendition than those produced
by older two-color phosphors. A number of borates are also known to be useful
luminescent hosts. The luminescence of these hosts is associated with dilute
concentrations of transition, lanthanide, or heavy ions (Tr,pb2+, Bi3÷, mn2+, sb3+)
isolated in the matrices; these ions are referred to as "activators." Their energy
states are treated through basic atomic theory with modification of heir energy
levels through crystal-field effects. Among the known activators, Ce3+ (sensitizer
or UV emission), Eu2+ (blue emission), Ee(red emission), Tb3+ (green emission)
are particularly important in producing efficient visible emission in a variety of hosts.
In the spectroscopy involving rare-earth ions, blue-emitting phosphors based
on Eu2+ ions are commercially important. Depending on the host lattice, broad-
band emission from 4f65d -4f7 transitions or sharp line emission spectra from
transitions within the 4f7 configuration may be observed. The emission properties
(Stokes shift, wavelength of emission peak, and efficiency) of a luminescent center
are affected by crystal field, size and symmetry of the substitutional site, and the
nature of the neighboring atoms. The luminescence of the new compounds of
LiBaB03 and LiCaB03 doped with Eu2+ are described in Chapter 3.12
Since the Ce3+ ion has a single 4f electron, the 5d-.df transition, being parity-
allowed, has a large transition probability. Therefore, several Ce3+-doped hosts find
use as commercial phosphors. Excited Ce3+ ions can also act as sensitizers and
transfer their excitation to other ions, e.g., Tb3+. The luminescence of Ce3+ in the
host SrNaB5O9 is discussed in Chapter 8.
Synthesis and Characterization
Solid-state synthesis and solution reactions have been used for the
preparation of new materials. The investigations have been concerned with the
crystal-chemical development, structural characterization, and spectroscopic study.
As previously mentioned, a strong need exists for new optical materials.
Imitating the Keszler Group philosophy, I approach my research horizontally --
lookfor new compounds that satisfy my materials research goals, characterize their
structural nature, and study them further for their practical utility. Thus, potential
new optical materials will eventually be tested in some degree for their performance
in their targeted purpose.
To carry out these objectives, I attempt to "design" a new compound based
upon the following: (1) the desired properties of the proposed material, (2) a "void"
where a compound is not known to exist, but might exist, and (3) chemical
knowledge of structure-properties relationships, intuition, and creativity.
Because of its low threshold power and capabilities as an efficient frequency
converter at high powers, the borate LiB305 (LBO) has received considerable
attention. The favorable nonlinear optical properties result from the arrangement
of B305 rings in the structure. The acentricity of a common feature of the nonlinear13
optical materials also derives from the chriality of the B04 group in each B307 ring.
To search new nonlinear optical materials, my continued synthetic efforts directs
to the preparation of borates with a B:0 ratio of 3:5. The alignment of these B305
rings is very important in determining the magnitude of the nonlinearity for a crystal.
The study led to the discovery of three new compounds - Na4Li(B305)5, BaNaB3015,
CsLiB6010. While attemting to prepare the Na and K anolog of the promising
material Cs LiB6010, several different new compounds; NaLiB407, CsMB100,7 (M =
Na, K), and KLiB8O13 have been identified.
New phases were identified by powder X-ray diffraction, and single crystals
were grown either from the melt or by adding a flux, depending on whether the
material melted congruently or incongruently. The structures of the compounds
were determined by using data from an automated Rigaku AFC6R single crystal
X-ray diffractometer. The optical properties were investigated, if the material
exhibited suitable structural and melting characteristics. For noncentrosymmetric
structures, a powder second harmonic experiment was performed to determine its
approximate efficiency as a frequency converter. The observed conversion
efficiency for each material was then compared with a calculated susceptibility
obtained from a set of computer programs written in this laboratory. The
computations provided a means for comparison and allowed for a better
understanding of the origin of the observed nonlinear effects. For potential
luminescent materials, the suitable optical activator was chosen for substituting the
host ions.Excitation, and emission spectra were recorded with a spectrometer
assembled in this laboratory.14
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CHAPTER 2
STRUCTURES AND LUMINESCENCE OF LiMBO3 (M = Ba,Sr,Ca)
Jun-Ming Tu and Douglas A. Keszler
To be submitted to Inorganic Chemistry16
Abstract
The orthoborates of LiMBO3 (M = Ba, Sr, and Ca) have been discovered and
characterized by single-crystal X-ray diffraction methods. The compounds LiBaBO3
and LiSrBO3 are isostructural and crystallize in space group P21/n with cell
parameters a = 6.422(1), b = 7.079(2), c = 7.123(1) A, 13 = 114.23(1)° and a =
6.486(2), b = 6.705(2), c = 6.871(1) A,13 = 109.63(2)°, respectively.Final
refinement affords the residual 0.035 for LiBaBO3 and 0.049 for LiSrBO3. The
compound LiCaBO3 forms in space group lbca; a = 6.174(2), b = 13.25(2), c =
6.073(2) A and R = 0.033. The isolated triangular B03 groups are linked by M-
centered (M = Ba,Sr,Ca) and Li-centered oxygen polyhedra. Eu2+ and Ce3+ optical
emission and excitation spectra are reported in LiMBO3 (M = Ba,Ca) and LiSrBO3,
respectively.17
Introduction
The only reported example of a lithium alkaline-earth orthoborate having the
stoichiometry LiMBO3 is LiMgB03.1 The synthesis and characterization of other
alkaline-earth lithium orthoborates LiBaB03, LiSrBO3, LiCaBO3 and alkaline-earth
sodium orthoborates BaNaBO3,2 SrNaBO33 are successful in ourlaboratory
recently.
In this contribution we report on the discovery and characteristics of
derivatives of the formula LiMBO3 that contain heavier congeners (M = Ba,Sr,Ca)
of the alkaline-earth family. The structure exhibits three coordinate boron group
B03 which are linked by M and Li cation-centered oxygen polyhedra.The
coordination number of Ba,Sr and Ca are 9,7 and 6, respectively. The LiCaBO3 is
in higher symmetry of lbca compared with the LiBaBO3, LiSrBO3 of P2, /n. Here
we also describe the Eu2+ and Ce3+ luminescence of LiMBO3.18
Experimental
Crystal Growth and X-ray Work
Crystals of the title compounds were grown inPt crucibles from
stoichiometric melts produced from the following reagents; LiNO3 (ALFA, reagent
grade), Ba(NO3)2 (AESAR, reagent grade), Sr(NO3)2 (AESAR, reagent grade),
Ca(NO3)2 (ALFA reagent grade), and B203 (ALFA 99.98%). The melts were cooled
from 1293 K for LiBaBO3, 1193 K for LiSrBO3 and 1213 K for LiCaBO3 to 873 K at
1 K /min, then 5 K /min to room temperature. Clear colorless crystals were mounted
on glass fibers with epoxy and subsequently analyzed on a Rigaku AFC6R
diffractometer equipped with monochromatic Mo Ka radiation (A = 0.71069 A). Unit-
cell parameters were derived from least-squares refinements with the setting
angles of 14-20 peaks in the range 30° < 20 < 38°. A check of the symmetry on the
diffractometer revealed that the compounds LiBaBO3 and LiSrBO3 crystallized in
Laue group 2/m and LiCaBO3 formed in the group mmm. Intensity data were
collected with co-20 scans over the range of indices 0 < h10, 0k < 11, -11
Is 11 for LiBaB03; 0h11, 0k11, -11 I11 for LiSrB03; and -8h8,
0k 5_ 8, 0 <I< 8 for LiCaBO3. Intensities of three standard reflections were
monitored throughout data collection; average fluctuations were 2.7% for LiBaBO3,
4.3% for each of the compounds LiSrBO3 and LiCaBO3.
The structures were solved and refined on a Micro-Vax-II computer with
programs from the TEXSAN crystallographic software package.'The direct
methods program SHELXS was used to set the alkaline-earth atom positions,' and
the other atom positions were deduced by subsequent examinations of difference19
electron density maps. Following refinements withisotropic displacement
coefficients on each atom, the absorption data sets were corrected with the
computer program DIFABS.6 The data were then averaged, and refinement with
anisotropic displacement coefficients on each atom ensued. Relevant crystal data,
absorption characteristics, and final residuals are listed in Table 2.1.Final
difference electron density maps for the Ba, Sr, and Ca compounds exhibit
maximum peaks corresponding to 0.5% Ba, 1.0% Sr, and 0.5% Ca, respectively.
Final atomic parameters for structures of LiBaBO3 and LiSrBO3 are listed in Table
2.2; those for LiCaBO3 are listed in Table 2.3.
Luminescence
Powder samples doped with 2 mol% Eus+ (Eu203, AESAR,99.9 %) in LiMBO3
(M = Ba,Ca) and 1 mol% Ce4+ (CeO2, Aldrich,99.9%) in LiSrBO3 were prepared. By
reducing the samples in 7% H2 : 93% N2, steady-state room-temperature and 77
K luminescence and excitation spectra were obtained on a computer-controlled
right-angle spectrometer. Low temperature measurements were made by placing
the samples into an optical dewar and submerging them in liquid Na Excitation light
from an Oriel 300 W Xe lamp was passed through a 50-cm water filter and focused
onto the slits of a Cary model-15 prism monochromator. Selected excitation was
focused onto the sample mounted on a copper sample holder within a quartz
dewar. Luminescence was collected at a near-right angle to excitation, dispersed
through an Oriel 22500 1/8-m monochromator, and detected with a Hamamatsu
R636 photomultiplier tube. The signals were amplified with a Keith ley model 602
picoammeter then converted to a digital signal for computer acquisition.20
Table 2.1. Crystallographic Data for LiMBO3 (M=Ba,Sr,Ca)
chem formula LiBaBO3 LiSrBO3 LiCaB03
formula weight,u 203.08 153.37 105.83
crystal size,mm 0.10x0.08x0.060.10x0.14x0.08 0.12x0.10x0.09
crystal system monoclinic monoclinic orthorhombic
space group P2i/n(#14) P2i/n(#14) lbca(#73)
a, A 6.422(1)
b, A 7.079(1)
c, A 7.123(1)
130 114.23(1)
. DcalcIgrn-3 4.568
V,A3 295.3(1)
F(000) 352
p(Mo Ka), cm -1 132.23
scan rate, /min 16.0
No. observations((Fg?_3a(FD)793
No. variables 55
Ra 0.035
IV 0.057
aR=E I IF0-1Fcl I/E IFol
b R,= [Ew(1 F01-IFci )2/E w IF0I2]12
6.486(2) 6.173(2)
6.705(2) 13.25(2)
6.871(1) 6.073(2)
109.63(2)
3.619 2.830
281.4(1) 496.7(2)
280 208
183.46 10.99
16.0 8.0
876 406
55 28
0.049 0.033
0.051 0.037Table 2.2. Atomic Coordinates and Equivalent Isotropic Displacement Coefficients for LiMBO3(M= Ba, Sr).
M=Ba M=Sr
Peg Peci
Li 0.097(2) 0.067(2) 0.303(2) 0.5(3) -0.101(2) 0.092(2) 0.307(2) 1.2(4)
M 0.1625(6)0.64005(5)0.33873(5)0.56(2) 0.2009(1)0.6238(1)0.36655(9)0.61(2)
B 0.205(1) 0.6617(9)-0.082(1) 0.4(2) 0.189(1) 0.634(1) -0.072(1) 0.6(2)
01 0.2208(7)0.9971(6)0.4598(6)0.4(1) 0.1953(9)0.9903(8)0.4364(7)0.9(1)
02 0.1222(7)0.8187(6)-0.0182(7)0.5(1) 0.1069(9)0.7984(7)-0.0053(7)0.9(1)
03 0.214(1) 0.3372(7)0.7280(8)1.0(2) 0.3416(9)0.1100(8)0.7821(7) 1.0(1)
UplajacajTable 2.3. Atomic Coordinates and Isotropic thermal Parameters for LiCaBO3
atom x y z
Ca 1/4 0.17971(7) 1/2
01 1/4 0.0010(3) 1/2
02 0.1147(6)0.1545(1) 0.1408(5)
B 1/4 0.3981(4) 1/2
Li -0.044(1) 0 3/4
ON
0.83(4)
2.5(2)
1.0(1)
1.06(9)
1.0(4)
2223
Spectrometer control and data acquisition were achieved with programs written in
this laboratory.24
Results and discussion
Crystal Structures
LiBaB03. A labeled drawing of the unit cell is shown in Figure 2.1. The structure
contains one type of B atom, a 9-coordinate Ba atom, and a 5-coordinate Li atom.
It can be simply described in one way as isolated triangular B03 groups bridged
by Ba- and Li-centered oxygen polyhedra to form a continuous 3-dimensional
network.Another description emphasizes the existence of zig-zag chains
comprised of Ba09 and Li05 polyhedra alternately extending in the b direction, as
seen in Figure 2.2. The B03 triangles are sandwiched between Ba09 polyhedra by
sharing either edges or vertices along the c direction. The Ba-and Li-centered
polyhedra in a chain connect to the polyhedra of nearby chain by sharing edges
and vertices.
Selected distances and angles are listed in Table 2.4. The Ba atom is
surrounded by three of each 01, 02, 03 atoms in a site with no symmetry other
than identity element. The interatomic Ba-0 distances vary from 2.658(5) to
3.173(4) A averaging at 2.821 ± 0.186 A. The nona-coordinate Ba centers are
common in borates as evidenced by their presence in the compounds BaNaB90157
and BaNaBO32 discovered in this lab. The mean distance of Ba-0 in LiBaBO3
compares well to 2.85 ± 0.10 A in the structure BaNaB03, and 2.878 ± 0.067 A in
the structure BaNaB9015.It also agrees well to the expected value 2.89 A for the
computed Shannon crystal radii.8
Atom Li occupies a site that can be described as a distorted trigonal25
Figure 2.1.Drawing of the unit cell of LiBaB03viewing along the c axis. The
largest circles represent 0 atoms,lighter larger circles Baatoms,
dark and smaller circles Liatoms, and the smallest circles Batoms.
Here, and Figure 2.2.26
Figure 2.2.Drawing of LiBaBO3 along the c direction with the zig-zag chains
along the b direction.27
Table 2.4. Selected interatomic distances (A) and angles() for LiMBO3.
M=Ba M=Sr M=Ba M=Sr
M-01 2.686(4) 2.506(5) 01 -M -01 1 22. (1 ) 121.6(1)
M-03 2.999(3) 2.522(4) 01 -M -02 1 43.9(1 ) 144.0(2)
M-02 2.696(5) 2.535(5) 01 -M -0377.9(1) 80.8(1)
M-02 2.71 5(4) 2.535(6) 01 -M -0252.5(1) 54.3(2)
M-01 2.709(4) 2.555(4) 01 -M -03 1 52.2(1 ) 155.6(2)
M-02 2.755(4) 2.688(5) 02-M-02 131.3(1) 131.2(1)
M-03 2.999(6) 2.705(5) 02-M-0380.0(1) 78.9(2)
M-03 2.658(5) 02-M-03 149.2(1) 149.7(2)
M-01 3.173(4) 03-M-0386.6(2) 79.7(2)
Li-01 1.936(7) 1.95(2) 03-Li-02 106.7(5) 104.6(6)
Li-01 2.196(6) 2.13(1) 01-Li-03 110.3(6) 116.9(6)
Li-02 2.128(4) 2.1 9(1 ) 02-Li-03 104.9(5) 1 00.1 (6)
Li-03 1.968(9) 2.00(1) 01 -Li -02 155.3(5) 162.7(8)
Li-03 2.031(5) 2.03(1) 01 -Li -03 69.3(4) 70.4(4)
03-Li-03 126.1(2) 122.4(8)
B-01 1.382(8) 1.373(9) 01 -B -02 1 21 .6(6) 1 21 .6(6)
B-02 1.387(8) 1.369(9) 01 -B-03 1 1 8.7(5) 1 1 8.4(6)
B-03 1.378(8) 1.400(8) 02-B-03 1 1 9.7(5) 120.0(6)28
bipyramid. The angle 155.3(5)° of 01-Li-02 in the axial direction shows the
distortion from an ideal trigonal pyramid. The Li-0 bond distances are in the range
of 1.936(7) to 2.196(6) A with a mean at 2.052 ±0.109 A comparable to those
observed from the 5-coordinate Li atoms, 2.17± 0.03 A in the structure NaLiB4O7,9
and 2.001±0.109 A in the compound Na4Li(B305)51°
The connectivities of these polyhedra can be readily identified by referring
Figure 2.1. The Ba-centered polyhedra are connected one to the another by
sharing 01.02 edges, while the Li-centered bipyramid are linked by sharing 03
vertices. The connections among BO3 triangles, Ba- and Li-centered polyhedra are
made by sharing either edges or vertices. By this manner, the isolated orthoborate
group B03 , Ba- and Li-centered polyhedra are interconnected to each other to
construct a 3-dimensional structure.
The angles of O-B-0 and distances of B-0 in B03 triangles, from 118.7(5)
to 121.6(6)° and from 1.378(8) to 1.382(8) A, respectively, agree well to those
values of 120° of ideal triangle and 1.38 A calculated Shannon crystal radii.
LiSrBO3. The contents of the unit cell of the compound LiSrBO3 is shown in Figure
2.3. Selected interatomic distances and angles for LiSrBO3 are given in Table 2.4.
The compound is isostrctural to LiBaBO3.It contains a 3-coordinate B atom, 7-
coordinate Sr atom, and 5-coordinate atom.
The Sr atom is surrounded by three 02 atoms, two each of 01 and 03
atoms compared to 9 for Ba in LiBaBO3, which results from relatively smaller radius
of Sr. The environment of Sr atom can be best described as a distorted capped
octahedron. The Sr-0 bond distances are from 2.506(5) to 2.705(5) A with a mean29
Figure 2.3.Drawing of the unit cell of LiSrBO3 viewing along the c axis. The
largest circles represent 0 atoms, lighter larger circles Sr atoms,
the dark and smaller circles Li atoms, and the smallest circles B
atoms.30
at 2.578 ± 0.082 A. This can compare well to the Sr-0 distance of 2.57± 0.082 A
of Sr2-0, and 2.60 ± 0.11 A of Sr4-0 in Sr4Ge207F2 for 7-coordinate Sr atoms,11 as
well as 2.59 A obtained from Shannon crystal radii. The environment of the Li
atom is similar to that of Li atom in LiBaBO3 except for small angles displacements,
as seen in Table 2.2. The mean distance of Li-0 2.06 ± 0.11 A is very close to that
of Li-0 in LiBaBO3.
The further inspection of the structure also revealed the existence of zig-zag
chains comprised of Sr- and Li-centered polyhedra in the b direction as LiBaBO3.
The connections of triangles B03, Sr- and Li-centered polyhedra are similar to
those in LiBaBO3. Two adjacent Li05 bipyramids share vertices through 03 atom
along the zig-zag chain.In the chain, The Sr-0 and Li05 share either edges
comprised of 01 and 03 or vertices 02. Sr-centered polyhedra connect one to the
another along the chain by sharing edges 01.-02, and link to the neighboring
Sr07 by vertices 03 in the c direction.
The bond distances of B-0 vary from 1.369(9) to 1.400(8) A showing that the
triangles of B03 are slightly more distorted than that of LiBaBO3, although the
mean distance 1.381 ± 0.017 A is nearly the same as that of Ba compound.
LiCaB03. A labeled drawing of the unit cell is provided in Figure 2.4. The structure
contains a 7-coordinate Ca atom, 5-coordinate Li atom, and 3-coordinate B atom.
The nature of the structure is best appreciated by inspection of Figure 2.4.It may
be described as the layers of Ca and B atoms lying in the ab plane orthogonal to
the layers of Li and 01 atoms that reside in the be plane.
Selected bond distances and angles are listed in Table 2.5. The Ca atom is31
Figure 2.4.Drawing of the unit cell of LiCaB03 viewingalong the a axis. The
largest circles represent 0 atoms, darklarger circles Ca atoms,
lighter and smaller circles Li atoms, andsmallest circles B atoms.32
Table 2.5. Selected bond distances(A) and angles(°) for LiCaB03.
Ca-01 2.368(4) 01-Ca-02 81.5(5)
-02 2.360(3) 01-Ca-02 151.6(4)
-02 2.431(4) 01-Ca-02 82.09(5)
-02 2.501(3) 02-Ca-02 88.72(6)
-02 2.431(2) 02-Ca-02 85.81(9)
-02 2.360(3) 02-Ca-02 108.8(1)
-02 2.894(5) 02-Ca-02 163.7(1)
Li-01 x2 2.365(7) 01-Li-01 169.9(3)
-01 x2 1.982(6) 01-Li-02 87.4(2)
-02 x2 2.196(3) 01-Li-02 110.6(2)
01-Li-02 95.6(2)
02-Li-02 157.0(5)
B-01 1.363(1) 01-B-02 120.2(2)
B-02 x2 1.383(4) 01-B-02 120.2(2)
02-B-02 119.5(4)33
surrounded by six 02 atoms and one 01 atom in a site that can be described as
a capped trigonal prism having a symmetry of two-fold rotation along the b
direction. The six bond distances of Ca-0 range from 2.360(3) to 2.501(3) A with
the seventh one at 2.894(5) A. The mean distance is 2.478 ± 0.191 A which can
be compared to Ca-0 distance of 2.5(1) A for 6-coordinate Ca in CaCO3,12 and in
good agreement to the value 2.47 A of calculated Shannon crystal radii.
Atom Li resides in a distorted octahedron site comprised of four 01 atoms
in the equatorial plane and two 02 atoms in the axial direction as seen in figure 2.4.
The Li site has a symmetry of two-fold rotation along the a direction. The angle of
02-Li-02 is 157.0(5) ° showing the degree of distortion from an ideal octahedron.
The bond distances of Li-0 vary from 1.982(6) to 2.365(7) A with a mean at 2.81
± 0.172 A compared well to the value 2.18 A calculated for 6-coordinated Li atom
by using crystal radii.
The Li-centered polyhedra are connected one to the another by sharing two
01 atoms in the Li plane. As a result, each Li06 polyhedron links to the other four
neighboring polyhedra to form a Li sheet lying in (011) plane. Each Ca-centered
polyhedron shares edges 02.02 with the another like polyhedron along the b
direction. The connections between the Ca- and Li centered polyhedra are made
by sharing edges comprised of 01 and 02 atoms, while the B03 triangular groups
connect to the Ca and Li polyhedra by sharing vertices.
The B atom lies in a special position with a symmetry of two-fold rotation
along the b direction. The bond distances of B-0 in the structure is normal ranging
from 1.363(6) to 1.383(4) A with a mean distance of 1.376 ± 0.011 A.34
Luminescence
Eu2+: LiBaBO3. The composition LiBao.098Eu0.02B03 exhibits an intense blue-green
emission under ultraviolet excitation shown in Figure 2.5.Excitation band extends
from 300 to 410 nm peaking at 365.5 nm.The maximum emissions at room
temperature and 77 K are at 506 and 504 nm, respectively.These optical
characteristics can compare to the room temperature excitation and luminescence
of Eu2+: Ba2BO3Br with the maxima at 412 and 507 nm, respectively.13 The Ba
atoms in the compound Ba2BO3Br are surrounded by 9 0 and one Br atoms. The
broad emission peaks are attributable to the allowed transition 4f65d1- 4f7.
Obviously, the narrower peak at 77 K results from less vibration than that at room
temperature.
Ce3+: LiSrBO3. The Ce2+: LiSrBO3 emits in the violet with the maximum at 417
nm shown in Figure 2.6. The emission is comparable to that of Ce3+: BaCaBO3F
at 432 nm." The excitation band is from 320 to 360 nm with a peak at 343 nm.
The ground state of the Ce' ion is split spin orbit coupling into a 2F512 and 2E72
levels. The lowest lying 5d-level is approximately 30,000 cm-1 above the ground
state. The 4f-5d transitions being parity allowed have large transition probabilities,
and since the 5d orbital are strong affected by the crystal field the absorption is a
broad band.
Eti÷: LiCaBO3. The optical characteristics of Eu2+ doped LiCaBO3 were measured
at room temperature and shown in Figure 2.7. The excitation band extends from
310 to 420 nm with a maximum at 388 nm. The Eu2+: LiCaBO3 exhibits broad
emission band centered at 496 nm corresponding to the allowed transition 4f65d1-200 300 400 500 600 700
Wavelength (nm)
800
Figure 2.5Excitation and Emission Spectra of the Luminescence of 2% Eu: LiBaB03at 298 K and 77 K.
01200 250 300 350 400 450
Wavelength (nm)
500 550 600
Figure 2.6Excitation and Emission Spectra of the Luminescence of 1% Ce: LiSrBO3 at 298 K.250 300 350400450 500550 600 650 700
Wavelength (nm)
750
Figure 2.7Excitation and Emission Spectra of theLuminescence of 2% Eu: LiCaB03 at 298K.38
4f'. These can compare to the emission from 420 to 444 nm of Cal site and
maximum at 454 nm of Cat site in the compound Eu:Ca2PO4C1.14
Three small peaks at 582.5, 609.5, and 697.5 nm are believed to be Eu3+
emissions resulting from uncompleted reduction of Eu2+ from Eu3+.
Acknowledgments
This research was supported by the National Science Foundation (DMR-9221372).
Acknowledgment is also made to the Donors of The Petroleum Research Fund,
administered by the American Chemical Society, for partial support of the work.39
References
1. Horrestam, R., Z Kristallogr., 1989, 187, 103-110.
2. Tu, J.; Keszler, D. A. Acta Crystallogr. 1995, in press.
3. Sun, H.; Keszler, D. A., unpublished result.
4. TEXSAN, Structure Analysis Package, Molecular Structure Corp., MSC
(3200A, Research Forest Drive, the Woodlands, TX 77381. International
Tables for X-rayCrystallography. 1974. Vol. IV. Birmingham:Kynoch
Press.
5. Sheldrick, G, M. In Ctrystallographic Computing 3; Sheldrick, G.M., Kruger,
C.; Godard. R., Eds.; Oxford Univ. Press, Oxford, U. K., 1985; pp175-189.
6. Walker, N.; Stuart, D. Acta Crystallogr., 1983, Sect. A, 39, 158-166.
7. Ake Ila, A.; Tu, J.; Keszler, D. A.,to be sumitted to lnorg. Chem.
8. Shannon, R. D., Acta Crystallogr.,1976, Sect. A, 32, 751.
9. Tu, J.; Keszler, D. A., to be sumitted to Inorganic Chem.
10.Tu, J.; Keszler, D. A., in preparation.
11.Ake Ila, A., Ph.D thesis, Oregon State University, 1994.
12.De Villiers, J. P. R., American Mineralogist, 1971, 56, 758.
13.Alekel III, T.; Keszler, D. A. Eu: Ba2BO3Br.
14.Meijerink, A.; Blasse, G, J. Phys. Condens. Matter, 1990, 2, 3169.40
CHAPTER 3
STRUCTURE OF BaNaBO3
Jun-Ming Tu and Douglas A. Keszler
Department of Chemistry and
Center for Advanced Materials Research
Oregon State University
Gilbert Hall 153
Corvallis, Oregon 97331-4003
Acta Crystallogr. 1995 in press41
Abstract
Barium sodium orthoborate, BaNaBO3, has been prepared and its
structure established by single crystal X-ray methods.It crystallizes in the
monoclinic system and space group C2/m. The structure is constructed from
B03, Na06, and Ba09 groups that are linked by sharing edges, vertices, and
faces. Na06 octahedra share triangular faces to form chains extending along the
c axis.42
Comment
From an investigation of phase equilibria in the system BaO-Na2O -B203,
we have recently discovered three new phases- BaNaBO3, BaNaB5O9, and
BaNaB9O15.1In this contribution, we describe the structure of BaNaBO3. A
powder sample was prepared by grinding a stoichiometric ratio of Ba(NO3)2
(Johnson-Matthey, ACS grade), Na2CO31-120 (JTB, ACS grade), and B2O3 (ALFA,
99.98%) and then heating at 893 K for 1 h followed by an additional grinding and
heating at 993 K for 6 h. Analysis of an X-ray powder pattern indicates that the
product is single phase.Single crystals were grown in a Pt crucible from a
stoichiometric melt that was cooled from 1053 to 803 K at 6 K/h and then to
room temperature at 60 K/h. A colorless crystal was mounted on a glass fiber
for data collection. Information on the structure determination is provided in the
experimental details and the final atomic parameters are listed in Table 3.1.2
A drawing of the unit cell is given in Figure 3.1. The structure contains a
B03 triangular group, a Ba09 polyhedron, and two crystallographically distinct
Na06 distorted octahedra. A discerning feature of the structure is the presence
of one-dimensional chains of face-shared Na06 octahedra that extend along the
c axis. The stacking of these octahedra is consistent with a distorted ABAB
packing of the 0 atoms. The octahedra share edges with the Ba09 groups and
vertices with the B03 planes. The B03 triangles are isolated by the Ba- and Na-
centered polyhedra, and the Ba09 polyhedra are linked to one another by
sharing faces and vertices. The overall structure is similar to those of y- Na2CO33
and K2CO3 4'5 which also contain chains of face-sharing Na06 (K06) octahedra43
Table 3.1. Atomic Parameters for BaNaBO3.
x Y z Ueq
Ba -0.3334(7) 0 0.7436(1) 0.0111(3)
Nal 0 0 0 0.018(3)
Na2 0 0 1/2 0.018(3)
01 -0.2023(7) 0 1.178(1) 0.013(3)
02 -0.3977(5) 0.213(1) 0.291(1) 0.019(3)
B1 -0.332(1) 0 0.257(2) 0.008(4)44
b
Figure 3.1.Drawing of the unit cell of BaNaBO3. The largest circlesare 0
atoms, the smallest circles B atoms, the medium darker circles Ba
atoms, and medium lighter circles Na atoms.45
linked by 9-coordinate Na (K) atoms and triangular CO3 groups.
Selected interatomic distances and angles are listed in Table 3.2. The Ba-
0 distances range from 2.759(5) to 3.014(5) A with a mean of 2.85±0.10 A. The
short distance Nat -01 = 2.367(6) A, indicates a tetragonal compression of the
Na106 octahedron, while the distance Na2-01 = 2.552(7)A indicates a
tetragonal elongation of the Na206 octahedron. The 01-Na-02 angles listed in
Table 3.2 reflect the elongation of the octahedra along the chain axis. The B-0
distances vary from 1.372(7) to 1.401(1) A with an average of 1.382 ± 0.017 A
that is consistent with the sum of crystal radii.6
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Table 3.2. Interatomic Distances (A) and Angles (°) for BaNaBO3.
Ba-0(1) 2.783(7) Nat -0(11 2.367(6)
Ba -O(1') 2.832(2) Nat -0(1') 2.367(6)
Ba-0(1 ii) 2.832(2) Nat -0(21 2.486(6)
Ba-0(2) 3.014(5) Nal -0(21 2.486(6)
Ba-O(2"') 3.014(5) Nal -0(2"i') 2.486(6)
Ba -O(2 ") 2.759(5) Nal -0(2viii) 2.486(6)
Ba-0(2v) 2.759(5) Na2-0(11 2.552(7)
Ba-0(2") 2.809(5) Na2 -O(1') 2.552(7)
Ba-0(2') 2.809(5) Na2-0(21 2.358(5)
Na2-0(2") 2.358(5) Na2 -0(2 ") 2.358(5)
Na2-0(2viii) 2.358(5) B1-0(11 1.401(7)
B1-0(2) 1.372(7) B1-0(2iii) 1.372(7)
0(11-Nal-0(1") 180 0(1)-Ba-0(2) 153.2(1)
0(1'X)- Nat -0(2')85.6(2) 0(1 ii)-Ba-0(2') 120.8(2)
0(1'X)- Nat -0(2"")94.4(2) 0(1")-Ba-0(2") 50.9(2)
0(2X')- Nat -0(2"1')79.7(3) 0(2)-Ba-0(2iii) 46.3(2)
0(21-Na1 -0(2"iii)100.3(3) 0(2)-Ba-0(2iv) 101.9(1)
0(2"')-Na1-0(2"iii)180 0(1)-Ba-0(11) 79.1(1)
0(11-Na2-0(1"v)180 0(1')-Ba-0(2) 123.1(2)
0(1i")-Na2-0(2184.3(2) 0(1')-Ba-0(2hi) 77.0(2)
0(21-Na2-0(21180 0(11-Na2-0(2'") 95.7(2)
0(2iv)-Na2-0(2195.0(3) 0(21-Na2-0(2"i'i) 85.0(3)47
Table 3.2. Continued
0(1lx)-B1-0(2) 120.2(4) 0(11-B1-0(2') 120.2(4)
0(1)-B1-0(21 119.5(8)
Symmetry codes: (i) -1/2-x, -1/2-y, 2-z (ii) -1/2-x, 1/2-y, 2-z (iii) +x, -y, +z (iv) -
1/2-x, -1/2+y, 1-z (v) -1/2-x, 1/2-y, 1-z (vi) -1-x, -y, 1-z (vii) -1-x, +y, 1-z (viii)
1/2+x, -1/2+y, +z (ix) +x, +y, -1+z (x) -x, -y, 1-z (xi) 1/2+x, 1/2-y, +z (xii) -1/2-x,
-1/2+y, -z (xiii) -1/2-x, 1/2-y, -z (xiv) -x, -y, 2-z48
Table 3.3. Experimental details for the structure solution of BaNaBO3
Compound[e.g. (1), (2) etc.] Barium Sodium Orthoborate
CRYSTAL DATA
Chemical formula
BaNaBO3
Crystal System
Monoclinic
Mr
219.13
Space Group
C2 /m
a (A)
9.561(2)
a (°)
b (A)
5.557(2)
i3 (°)
98.85(2)
c (A)
6.179(2)
y (°)
Z 4 Dm (Mg rn-3)
V (A3) 324.4(3) Dx (Mg m-3) 4.487
Radiation
Mo Ka
No. of reflections for
lattice parameters 20
Wavelength (A)
0.71069
B range for lattice2gamAer:Ad
Absorption coefficient (mm-1)12.17 Temperature (K) 296
Crystal source Grown from a melt of composition of BaNaBO3
Crystal colorColorless ICrystal description Plate
Crystal size (mm)0.07(3) x 0.06(4) x 0.04(2)
DATA COLLECTION
Diffractometer type Rigaku AFC6R Collection method 6)-28
Absorption correction type (7iiricdxgpropriate
analytical integration empirical refdelf
sphere cylinder none
Absorption correction (Turin' Tmax)
0.671
No. of reflections measured
564
Rim
0.086
No. of independent reflections
522
effia.(°)
30.0
No. of observed reflections
479
No. of standard reflections (and interval)
&esytearxd2a0u0sd:ag)2,0;
Criterion for observed
F.2 z 3a(F02)
Variation of standards
-1.9% in intensity
hmm -13 hmax 13
kmm 0 kmax 7
I,, 0 L. 849
Table 3.4. continued.
EXPERIMENTAL DETAILS (continued)
REFINEMENT
Treatment of hydrogen atoms (circle appropriate
entry, or describe in box below)
refall refxyz refU noref
F, F2 or I
F
R
0.033
No. of parameters refined
36
wR
0.040
No. of reflections used in refinement
461
S
1.39
Weighting scheme Ew(IFol-IFcl)2
w= 1/a(F0);cr(F02).
(Wa)rna.
0.03
(AP). (e A3)
0.55
Extinction correction method (if applied)
TEXSAN
(4),T. (e P)
0.58
Primary- and secondary-extinction values
0.37(1)E-06
Source of atomic scattering factors
International Tables for X-ray
Crystallography
*a(F02)=[C+1/4(tjtb)2(bi-Fb2)+(px1)2]1/2
C= total # of counts per peak
tc=time spent counting peak intensity
ti,=time spent counting one side of background
131= high-angle background counts
b2= low-angle background counts
p= fudge factor; ignorance factor; p-factor
1=C-172(t,./tb)(b,+b2)50
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CHAPTER 4
STRUCTURES OF THE PYROBORATES SrMB2O5 (M = Mg, IVL aO.84Zn0.16 )
Jun-Ming Tu and Douglas A. Keszler*
Department of Chemistry and
Center for Advanced Materials Research
Oregon State University
Gilbert Hall 153
Corvallis, Oregon 97331-400352
Abstract
The pyroborates SrMgB2O5 and SrMg0z4Zn0.16B205 have been prepared and
their structures determined by the single crystal X-ray diffraction methods. They
crystallize in the monoclinic space group P21/c with unit cell parameters a =
6.467(3), b = 5.320(2), c = 12.032(1) A,f3 = 102.67(2)°, V = 403.9(2) A3 for the
compound SrMgB2O5 and a = 6.460(2), b = 5.318(1), c = 12.026(2) A, (3 = 102.52°,
V = 403.3(3) A3 for SrMg084Zn0.1613205. The structures contain pyroborate group
B205 that is built from a condensation of two B03 groups. The pyroborate groups
are bridged by Sr- andMg (Mg0.84ZR16)-centered polyhedra.53
Introduction
The simple pyroborate group B205,two triangular planar B03 units sharing
an 0 atom, has been found to exist in the compound MgCaB2O51 with the structural
formula MM113205 (M,M' = alkaline-earth metals). Although the mixed alkaline-earth
borate CaBeB2O5 has been reported,2 it contains an admixture of trianglur B03 and
tetrahedra B04 groups in a complex beryllium borate network.
We describe here the structures of the mixed alkaline-earth metal
pyroborates SrMgB2O5,and SrMa,..0.84Zno.16B205 with the mixed occupation in Mg
site. Two compounds are isostructural and consist of pyroborate groups 8205,
nine-coordinate Sr atoms and five-coordinate Mg(Mg0.84Zn0.16) atoms.54
Experimental
Synthesis
Powder samples of SrMgB2O5 and Sr Ma..,0.84Zno.i6B205 are obtained by
heating the stoichiometric mixtures of the reagents SrNO3 (AESAR, ASC grade),
Mg(NO3)2.6H20 (EMS, ACS grade), ZnNO3 (Aldrich, 99%) and B203 (Alfa, 99.98%).
The samples are heated in Pt crucibles at 893 K for 1 h, cooled, ground, and again
heated at 973 K for 8 h. Powder diffraction patterns of these materials, obtained
with a Philips diffractometer, agree well those generated from the results of the
single-crystal studies and the computer program Lazy-PULVERIX.3 Crystals of
SrMgB2O5 were grown in a Pt crucible directly from a melt,while crystals of
SrMg0.54Zn0.16B205 were grownfrom a stoichiometric melt of composition
1Sr0:1Mg0:1Zn0:1B203. The melts were cooled at a rate of 6 K/h from 1403 to
1100 K, below the stated minimum temperatures each was rapidly cooled to room
temperature. Clear, colorless crystals of approximate dimensions 0.1 x 0.15 x 0.08
mm for the SrMgB2O5 compound and 0.08 x 0.08 x 0.06 mm for the
SrMg054Zn016B205 compound were physically separated from the matrix for single-
crystal measurements.
Crystallographic study
The selected crystals were mounted on glass fibers and analyzed on a
Rigaku AFC6R X-ray diffractometer. The unit cell parameters were derived from
least-squares refinements with the setting angles of 20 automatically-centered
reflections in the range of 30 <28 < 36°. Intensity data were collected at room55
temperature by using the w - 28 scan technique with a rate = 16°(o))/min and peak
widths = 1.20 + 0.30 tan@ forSrMgB2O5 and 1.50 + 0.30 tane for
SrMgo.54Zno.16B205. The cell constants and Laue symmetry 2/m correspond to the
monoclinic system. The intensity data were collected over the range of indices 0
h < 9, 0 < k -16 < k 16 for these two compounds. From 1404 measured
reflections for the SrMgB2O5 crystal, a total of 966 were observed [F02> 3a(F2)],
for theSrMg0.54Zno.1613205 crystal, 1402 measured reflections resulted in 793
observed. The intensities of three representative reflections measured after every
block of 200 data varied by an average of 0.1% for the SrMgB2O5 crystal and
0.6% for the Sr Ma-0.84Znoi6B205crystal.
The atomic arrangements were determined by using programs of the
TEXSAN crystallographic software package on a p-VAX II computer. The crystals
exhibit systematic absences h01: I=2n+1, OkO: k=2n+1, and 001: I=2n+1 that are
consistent with the space group P21 /c. The Sr atoms were located by using the
direct methods program SHELXS,5 and the remaining atoms were positioned from
successive analyses of difference electron density maps. After full-matrix, least-
squares refinements of the models with isotropic displacement coefficients on each
atom, absorption corrections were applied by using the program DIFABS.6 The
data were averaged with Rint = 0.042 for the compound SrMgB2O5,and 0.06 for
the compound SrMg0.54Zn0.1613205. The models were then refined with anisotropic
thermal displacement coefficients on each atom. Final refinement resulted in the
residuals R = 0.029 and Rw = 0.035 for the compound SrMgB2O5 and R = 0.044
and Rw = 0.045 for the compound SrMgo64Zn0 i6B205 The largest peaks in the56
final difference electron density map correspond to 0.6 % and 0.4 % of a Sr atom
fortheSrMgB2O5andSTMg084Zn018B208compounds,respectively.
Crystallographic data for the compounds SrMgB2O5 and Sr Ma-0.84Znoi6B205 are
summarized in Table 4.1, and atomic positional and displacement coefficients are
listed in Table 4.2.57
Table 4.1. Crystallographic Data for SrMgB2O5 and SrMg0.84Zn0.16B205
chem formula SrMgB2O5 SrM90.84Zno.16B205
formula weight,u
space group
213.54
P2i/c (No.14)
220.11
a= 6.467(3)A 6.460(2)A
b= 5.320(2)A 5.318(1)A
c= 12.032(1)A 12.026(2)A
102.67(2) ° 102.52(2)°
V. 403.9(2) A3 403.3(3) A3
Z 4
pcalcd= 3.512 g cm-3 3.624 g cm-3
A/(Mo Ka). 130.07 cm-1 139.54 cm-1
T. 23 °C
R(Fo)a. 0.029 0.044
Rw(Fo)b. 0.035 0.045
all.E i/E1F01
bRw. [Ew(IFol- IFel)2/Ew1F012]112Table 4.2. Atomic Coordinates and Isotropic Thermal Parameters for SrMgB2O5 and SrMg0.54Zn0.16B205
SrMgB2O5 SrMgo.84Zno.16B205
atom x y Z Beq X Z Beq
Sr 0.31551(6)0.11099(7)0.31010(3)0.57(1) 0.6860(1)0.1112(1)0.69011(6)0.59(2)
Mg-0.1522(2)0.0871(3)0.3947(1)0.56(4) 0.1558(3)0.0831(3)0.6052(2)0.4(1)
010.3469(5)-0.1207(5)0.1305(2)0.66(9) 0.6549(8)-0.123(100.8688(4)0.7(2)
020.1023(4)-0.1487(5)0.4329(2)0.6(1) 0.8981(8)-0.1504(9)0.5667(4)0.6(2)
030.2159(5)0.4183(5)0.4508(2)0.9(1) 0.7809(9)0.419(1) 0.5490(5)1.0(2)
040.6280(5)-0.1807(6)0.3851(2)0.7(1) 0.3736(8)-0.181(1) 0.6157(5)0.6(2)
05-0.1227(7)0.1017(6)0.2296(2)1.0(1) 1.1234(8)0.102(1) 0.7698(4)0.8(2)
B1 0.1433(7)-0.3678(9)0.3829(3)0.6(1) 0.855(1) -0.368(2) 0.6169(7)0.7(3)
B20.3174(7)0.0923(9)0.0678(4)0.6(1) 0.682(1) 0.090(2) 0.9312(7)0.4(2)
Zna 0.1558 0.0831 0.6052 0.4
B(-87E2 Uga;ai *api
3
aoccupancy = 0.1659
Results and Discussion
The structure of SrMgB2O5 can be appreciated by viewing the drawing of
Figure4.1. Exceptforsmallatomicdisplacements,thecompound
SrMg0.84Zn0.16B205 is isostructural (Table 4.2). The structures contain one type of
Sr and Mg (Mg0.84Zn0.i6)atoms, and two crystallographically independent B atoms.
Both B atoms are in trigonal mode and share a common 0 atom to form a
pyroborate B205 group lying in the be plane. These pyroborates are bridged by
nine-coordinate Sr atoms and five-coordinate Mg (Sr Ma-A)84a0.16) atoms.
SelectedinteratomicdistancesandanglesofSrMgB2O5and
SrMg084Zn0.16B205 are listed in Table 4.3. Atom Sr is bound by three 05, two of
each 01 and 04, one 02 and 03 in an environment that may be best described as
a s-bicapped pentagonal antiprism as seen in Figure 4.2.The Sr-centered
polyhedra are either connected by sharing two 05 atoms or bridged by a B03
group. The Mg atom resides in a site of distorted square-base prism (Figure 4.2)
compared to the roughly trigonal bipyramidal Mg05 polyhedra in the structure
LiMgBO3.7 The two 02, one 01 and 05 lie on the square base. The angles of 02-
Mg-05 and 01-Mg-02 in diagonal of the base are 161.9(1)°and 166.2(1)°,
respectively, and the angles of 04 to the atoms on the base range from 89.0(1)
to 97.5(1)°, showing the extent of distortion from an ideal square-base prism. The
Mg-centered polyhedra themselves have no direct connections but are linked by
B03 group along the c direction.Further inspection of Figure 4.1 revealed that
Mg05 polyhedra connect to neighboring Sr03 polyhedra either by edges or vertices.
The distances of Sr-0 vary from 2.551(3) to 2.977(3) A averaging at 2.685 ± 0.16460
Figure 4.1.Drawing of the structure of SrMgB2O5 as viewed along the b axis.
Large open circles represent 0 atoms, small filled circles B atoms.
larger circles Sr atoms, and smaller circles Mg atoms.61
Table 4.3. Selected interatomic Distances (A) and Angles (°) for SrMgB2O5 and
SrMg0.54Zn0.16B205.
M=Mg M=M' M=Mg M=M'
Sr-01 2.534(3) 2.530(5) 01 -Sr -02 1 1 1 .99(9) 1 1 1 .5(2)
Sr-01 2.575(3) 2.583(5) 01 -Sr -03 1 64.21 (9)164.8(2)
Sr-02 2.624(3) 2.627(5) 01 -Sr -0478.48(9) 77.2(2)
Sr-03 2.536(3) 2.527(5) 01 -Sr -0587.74(9) 87.2(2)
Sr-04 2.551(3) 2.551(5) 02-Sr-0373.85(9) 74.4(2)
Sr-04 2.693(3) 2.686(5) 02-Sr-0487.35(9) 87.1(2)
Sr-05 2.787(3) 2.781(5) 02-Sr-0564.32(8) 64.5(2)
Sr-05 2.887(3) 2.880(6) 03-Sr-04117.00(9)116.6(2)
Sr-05 2.977(3) 2.972(6) 03-Sr-0581.70(9) 82.4(2)
04-Sr-05 1 41 .1 1 (9) 1 41 .0(2)
M-01 1.982(3) 1.967(6) 01-M-0289.0(1) 89.2(2)
M-02 2.040(3) 2.048(5) 01-M-0497.5(1) 98.3(2)
M-02 2.054(3) 2.052(5) 01-M-0590.7(1) 89.9(2)
M-04 1.998(3) 2.038(5) 02-M-0495.9(1) 97.0(2)
M-05 2.038(3) 1.973(6) 02-M-0590.0(1) 90.0(2)
02-M-05 161.9(1) 160.0(2)
04-M-05 100.9(1) 101.2(2)
B1-02 1.364(5) 1.36(1) 02-B1-03120.2(3) 120.0(7)
B1-03 1.419(5) 1.42(1) 02-B1-05124.2(4) 124.3(7)62
Table 4.3. Continued
B1-05 1.341(5) 1.35(1) 03-B1-05115.5(4) 115.7(7)
B2-01 1.352(5) 1.35(1) 01-B2-03119.9(4) 120.1(7)
B2-03 1.418(5) 1.42(1) 01-B2-04121.6(4) 122.1(6)
B2-04 1.348(5) 1.36(1) 03-B1-04118.3(4) 117.7(7)63
Figure 4.2.Environment and connectivity of the Sr-and Mg-centered polyhedra,
largest circles represent 0 atoms, larger circle Sr atom, and smaller
circle Mg atom.64
A. These distances compare well to those observed for the 9-coordinate Sr atom
in the compounds Sr3Sc(B03)3,8 2.500(2)-2.857(2) A, and SrNaBO3,9 2.539(7) to
2.93(2) A. The bond distances of Mg-0 range from 1.982(3) to 2.054(3) A with a
mean at 2.022 ± 0.031 A. These distances are in good agreement with Mg-0
distances of 1.973(4) to 2.124(4) A in LiMgBO3,7 and 2.05 A for the calculated
Shannon crystal radii.10
The distances of B-0 vary from 1.341(5) to 1.419(5) A averaging at 1.374
± 0.016 A comparable to the value 1.37 A computed for a 3-coordinate B atom by
using Shannon crystal radii.10 The distances of two B atoms to the bridging atom
03, 1.419(5) and 1.418(5) A, are slightly longer than the other B-0 distances. This
is simply because the 03 atom is bound to two B atoms rather than one as for the
terminal. This is consistent with the fertures of other pyroborate groups.
Since the structural variability of pyroborate group can influence the optical
properties of the materials, e.g., birefringence, Thompson, Smith, Huang, and
Keszler have studied the considerable structural flexibility of the pyroborate
groups.11 They found that the B-O-B angles through the bridging 0 atom varies
from 112.1 to 180°, and rotations about the central 0 atom afford interplanar
angles between the terminal B02 groups from 0 to 74°. The B1-03-B2 angle in the
structure SrMgB2O5 is 128.7(3)°, while the interplannar angle between the two B02
groups is 19.9(1)°.
We attempted to make the Zn analog of the SrMgB2O5 by heating a mixture
of the reagents SrNO3 (AESAR, ASC grade), ZnNO3 (Aldrich, 99%) and B203 (Alfa,
99.98%). The products as determined from analysis powder X-ray diffraction data,65
are the compounds of SrB2O4 and ZnO. The more electronegative atom Zn,
however, can partially occupy the Mg site to give the ratio of Zn:Mg = 16:84,
resulting the structure SrMg0.54Zn0.16B205This compound is isostructural to
SrMgB2O5, as we mentioned above.
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CHAPTER 5
THE NONCENTROSYMMETRIC ALKALI METAL BORATE NaLiB4O7
Jun-Ming Tu and Douglas A. Keszler
To be submitted to Inorganic Chemistry68
Abstract
The compound, NaLiB4O7, has been synthesized and itsstructure
determined by single-crystal X-ray diffraction methods.It crystallizes in the
orthorhombic system with 16-formula units in the noncentrosymmetric space group
Fdd2. The structure contains two nonequivalent polyborate frameworks that may
be characterized as the full condensation. Sites in channels extending along both
the a and b directions are filled with Na and Li atoms. An assessment of the
nonlinear optical properties of the compound is made on the basis of a Kurtz-Perry
test and a consideration of the structure.69
Introduction
Lithium tetraborate Li2B407 has been extensively studied for industry
application in surface acoustic wave (SAW) and bulk acoustic wave (BAW)
devices. The favorable characteristics of Li2B407 are from a combination of high
SAW coupling coefficient and orientations as well as the relatively low density
compared to LiNbO3 (LN) or LiTaO3 (LT)) It is believed that Li2B407 is very suitable
for the design of SAW devices for high frequency and temperature compensation.
However, the macrodefect of coring in the crystal has been reported as a problem
forwideindustrialapplications.As ourinterestofsynthesizing new
noncentrosymmetric materials, we have identified the new compound NaLiB407
that exhibits noncentrosymmetric structure formed from B409 rings. In this paper,
we describe the structure of the new polyborate NaLiB407. Commonly, the B407
formulation results from the full condensation of the B409 ring system shown in
SCHEME 1.In this condensation each of the four terminal 0 atoms is shared by
like groups (B405 04,2 = B407). Such a polyborate structure is observed in the
materials Li2B407,2 K2B407,3 and now the title compound.70
Scheme 1.Drawing of the B409 ring; triangles are B03 groups, tetrahedra B04
groups. Here, and in Figure 5.3, and 5.4.71
Experimental
Synthesis and crystallographic study
Crystals of NaLiB4O7 were grown in a Pt crucible from a stoichiometric melt
that was prepared from NaNO3 (JTB,ACS grade), LiNO3 (ALFA, reagent grade),
and B2O3 (ALFA,99.98 %). The melt was cooled from 1093 to 830 K at 6 K/h and
then rapidly brought to room temperature by turning off the power to the furnace.
A clear, block shaped crystal of approximate dimensions 0.10 x 0.08 x 0.06 mm
was mounted on a glass fiber with epoxy for X-ray structure analysis. Data were
collected with Mo Ka radiation on a Rigaku AFC6R diffractometer.Unit-cell
parameters were determined by automatic centering and least-squares refinement
of the setting angles of 20 reflections in the range 30 < 28 < 39°; Laue symmetry
was established as mmm on the diffractometer. The co-28 scan technique (scan
speed = 8°/min in w) was used to collect data covering the range of indices 0 < h
21, 0k < 22, and 0I < 17. The space group Fdd2 was uniquely determined
by the systematic absences hkl, h + k, k + I, h + I = 2n +1; Okl, k + I = 4n; h01, h+
I = 4n.From the 998 reflections measured, 577 had F02 ?_3o(F02).Three
reflections, chosen as standards and measured after each block of 200 data,
exhibited an overall average intensity decay of 1.7%.
The structure was solved and refined with computer programs from the
TEXSAN crystallographic software package.4 The position of the Na atom was
determined by using the direct methods program SHELXS and the atomic positions
of the remaining atoms were subsequently deduced by examination of difference
electron density maps.5 After refinement with isotropic displacement coefficients72
on each atom, the data were corrected for absorption with the program DIFABS.6
The final refinement converged to R = 0.047 and Rw = 0.051 with anisotropic
displacement coefficients on each atom. The final difference electron density map
exhibited maximum and minimum peaks corresponding to 1.8% and 1.5%,
respectively, of the height of the Na atom. Crystallographic data are summarized
in Table 5.1 and atomic parameters are listed in Table 5.2. The results of the
structure determination were used to calculate an X-ray powder diffraction pattern
with the program LAZY-PULVERIX.7 Calculated and experimental results are listed
in Table 5.3.
Frequency conversion measurement
A measurement of the efficiency of second-harmonic generation from a
microcrystalline sample of NaLiB4O7 was made by the Kurtz and Perry method.'
A Q-switched Ne:YAG laser was used to produce incident IR radiation at a
wavelength of 1064 nm. The microcrystalline sample was placed on a fused silica
plate, and the intensity of the second harmonic was monitored with a
photomultiplier attached to a Tektronix 2467B oscilloscope. A microcrystalline
sample of KH2PO4 (KDP) served as the standard for the measurement.73
Table 5.1. Crystallographic Data for NaLiB4O7.
chem formula NaLiB4O7
fw 185.17
space group Fdd2 (#43)
a 13.308(3)A
b 14.098(2)A
c 10.225(3)A
V 1918.4(6) A3
Z 16
Pealed 2.564 g cm-3
A 0.71069A
linear abs coeff., p 2.94 cm-1
T 298 K
Ra 0.047
Rwb 0.051
aR=E IIF.-iFciI/E1F01
bRw= [EW(iFoi-iFci)2/EWiFoi2]1/274
Table 5.2.Atomic Coordinates and Equivalent Displacement Coefficients for
atom
Na
Li
B1
B2
B3
B4
01
02
03
04
05
06
07
08
NaLiB407.
X Y Z Beg
0.1005(2)0.2611(2)0.4418(4) 2.2(1)
-0.004(1) 0.357(1) 0.194(1) 3.4(7)
-0.0344(5)0.4231(4)0.4697(7) 0.7(2)
0.0845(5)0.0279(4)0.4864(7) 0.6(2)
0.1256(5)0.4554(4)0.3512(7) 0.7(2)
-0.0442(5)0.1208(4)0.3689(7) 0.8(2)
0.1197(3)0.2962(3)0.1528 0.8(1)
-0.0446(3)0.3329(3)0.5381(5) 0.8(1)
0.0405(3)0.4024(3)0.3646(5) 0.8(1)
1/4 1/4 0.3022(6) 0.6(2)
0.1354(3)0.1960(3)0.6496(5) 1.0(2)
0.0538(3)0.1091(3)0.4025(5) 1.1(2)
0 0 0.5699(6) 0.8(2)
-0.0725(3)0.2012(3)0.3072(5) 1 .0(1 )
B2 ,- (1 uga;a;aA75
Table 5.3. Indexed X-ray Powder Pattern for NaLiB407.
Calcd. Obsd.
h kI 20 I 20 I
2 0 2 21.9 100 21.9 100
2 2 2 25.3 55 25.3 61
4 0 0 26.8 52 26.7 8
1 3 3 33.2 72 33.1 72
3 1 3 33.8 52 33.7 67
4 2 2 34.6 17 34.5 23
0 0 4 35.1 12 35.0 13
4 4 0 37.2 22 37.1 22
3 3 3 38.4 7 38.4 18
5 3 1 39.9 6 39.8 9
4 4 2 41.3 4 41.3 4
1 5 3 42.1 12 42.1 34
0 6 2 42.3 35 42.2 26
6 2 0 42.7 11 42.7 12
6 0 2 44.5 14 44.5 29
4 0 4 44.7 15 44.6 28
115 45.3 4 45.3 8
2 4 4 45.9 4 45.8 6
6 2 2 46.4 9 46.3 18
5 3 3 47.5 15 47.6 1276
Table 5.3. Continued
3 15 49.5 6 49.7 4
3 7 1 50.6 16 50.5 12
4 4 4 52.0 14 51.8 11
7 3 1 52.7 15 52.6 12
5 5 3 54.5 1 54.6 877
Results and discussion
A labeled drawing of the unit cell as viewed along the c axis is shown in
Figure 5.2. The structure is characterized by two distinct, yet similar 3-dimensional
borate frameworks, each containing 3- and 4-coordinate B atoms. The frameworks
are connected by 7-coordinate Na atoms that occupy tuunels extending along the
a axis (Figure 5.3) and 5-coordinate Li atoms that occupy tunnels extending along
the b axis (Figure 5.4).
The borate framework is built from B409 rings, which contain two B03
triangular and two B04 tetrahedral groups (Scheme 5.1). To produce the three-
dimensional framework, each B409 ring links to other four neighboring rings by
sharing a single bonded, terminal 0 atom between a triangle and a distorted
tetrahedron (Figure 5.2).The B407 formulation is then simply generated by
considering the condensation B405 4/2= B407. One network contains atoms B1,
B3, 01, 02, 03, and 04, and the other B2, B4, 05, 06, 07, and 08 with repect to
average interatomic distances, the two frameworks are statistically equivalent.
These two networks look like twins, when viewed from the c axis, as shown in
Figure 5.2. This polyborate structure network is known to exist in the compound
Li2B407 which crystallizes in the tetragonal space group 141cd, and in K2B407 which
forms in the triclinic space group P1.Although the compound Na2B407 has a
similar formula, it crystallizeds in a layer type structure composed of B5011 groups
and B307 rings.
Selected interatomic distances and angles are listedin Table 5.4.
Environments and partial connectivities of the Na- and Li- centered polyhedra are78
Figure 5.2.Labeled drawing of the unit cell NaLiB4O7viewing along the c axis.
The largest open circles represent 0atms, Larger circles Na atoms,
smaller circles Li atoms, and the smallestdark circles B atoms.0)
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Figure 5.3.Drawing of NaLiI3407 viewing along the a axis.Large circles
represent Na atoms, smaller circles Li atoms. Here, and in Figure 5.480
Figure 5.4. Drawing of NaLi13407 viewing along the b axis.81
Table 5.4. Interatomic Distances (A) and Angles (°) for NaLiB407.
Na-02 2.393(5) 02-Na-03 59.4(2)
Na-03 2.287(5) 02-Na-04 157.0(2)
Na-04 2.454(4) 02-Na-08 70.6(2)
Na-05 2.361(5) 03-Na-05 135.9(2)
Na-06 2.266(5) 03-Na-06 131 .8(2)
Na-06 2.860(5) 04-Na-05 109.8(2)
Na-08 2.81 1 (5) 05-Na-06 81 .1 (2)
06-Na-06 135.4(2)
06-Na-08 53.5(2)
Li-01 1.90(2) 01 -Li -03 95.0(7)
Li-03 1.95(1) 01 -Li -05 123.2(8)
Li-05 1.96(2) 01 -Li-07 104.3(7)
Li-07 2.38(2) 01 -Li -08 91.2(7)
Li-08 2.65(2) 03-Li-05 127.1(8)
03-Li-07 1 01 .2(7)
03-Li-08 89.2(6)
05-Li-07 102.5(7)
05-Li-08 58.3(5)
07-Li-08 160.4(7)
B1-01 1 .51 1 (7) 01 -B1 -02 112.9(5)
B1 -03 1.494(7) 01-B1-03 1 07.1 (4)
B1 -02 1.458(7) 01 -B1 -04 108.4(4)82
Table 5.4 Continued
B1 -04 1.448(7) 02 -B1 -03 103.7(4)
02-B1 -04 113.7(4)
03 -B1 -04 1 1 0.7(5)
B2-05 1 .51 0(7) 05-B2-06 108.8(4)
B2-06 1.487(7) 05-B2-07 109.9(4)
B2-07 1.466(7) 05-B2-08 102.7(4)
B2-08 1.464(7) 06-B2-07 109.3(5)
06-B2-08 1 1 1 .3(5)
07-B2-08 114.4(4)
B3-01 1.385(7) 01 -B3-02 120.9(6)
B3-02 1.355(8) 01 -B3-03 120.4(5)
B3-03 1.364(8) 02-B3-03 1 1 8.7(5)
B4-05 1.366(8) 05-B4-06 121 .1 (5)
B4-06 1.358(8) 05-B4-08 1 1 9.6(6)
B4-08 1 .351 (8) 06-B4-08 119.2(5)83
presented in Figure 5.5. The Na atom is surrounded by seven 0 atoms in a
distorted tetragonal base-trigonal base geometry. Five of the Na-0 distances in the
range of 2.266(5) to 2.393(5) A, while the other two are unusually long at 2.811(5)
and 2.860(5) A. Therefore, the Na environment is best described as 5+2. The
mean distance of Na-0 is 2.490 ± 0.244 A, which compares to a calculated value
of 2.53 A for a 7-coordinate Na atom.9 The observed distance also compares to
the seperation of 2.505 ± 0.112 A for the 7-coordinate Na atom in Cs2Na21310017.19
A bond valance-calculation reveals atom 06 at resting 2.266(5) A from the Na
atom contributes 25% to the Na valence, while the same 0 atom at a distance of
2.860(5) A from the Na atom contributes only 7% to the Na valance.11
The Li atom binds three 0 atoms at distances shorter than 2 A (Table 5.4),
and two additional 0 atoms at distances of 2.38(2) and 2.65(2) A; thus, the Li
environment may be described as 3+2. Atom 01 (bond distance of 01-Li = 1.90(2)
A) makes a contribution of 28%, while atom 04 (bond distance of 04-Li = 2.65(1)
A) only makes a contribution of 5% to the Li valance, In the structure of Li2B407,
the Li atom is surrounded by 4 0 atoms at distances ranging from 1.972.14 A
and 3 more 0 atoms at distances longer than 2.6 A.2
All 0 atoms bind two B atoms. Except that, atoms 04 and 06 also bind two
Na atoms; atom 07 hitchs two Li atoms; atoms 03, 05, and 08 grip one Na and
one Li atoms; atom 02 bonds to one Na atom, and 01 connects one Li atom.
The extent of solubility of Na in the NaxLi2..xB407 structure in the range 0
x < 1 was studied by performing a solid solution. The volume/Z-composition plots
for NaxLi2_,(13407 are shown in Figure 5.5. Systematic increase in volume as x isFigure 5.5
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Environment and connectivity of the Na- and Li-centered polyhedra,
largest circles are 0 atoms, larger medium circle Na atom, small
circle Li atom.120
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Figure 5.6.Unit cell per formula unit for the solid-solution series NaxLi2_x13407
as a function of composition (0 < x < 1).86
varied from 0 to 1 in Na.Li2_,(B407 indicates that larger Na atom substitutes at the
Li sites. Obviously, there are two types of structures in the range seen in Figure
5.6as evidenced by two different slopes. The body-centered tetragonal structure
of Li2B4O7 appeares in the range of0x < 0.55, and the face-centered
orthorhombic structure of NaLiB4O7 exists in the range of 0.55 < x < 1. Two
different structures overlap in the composition at Na0.55Li1.45B407.
Materials containing a borate framework possess favorable properties in
optical field. Among them, the chromophores B03, B306, and B307 have been
reported to have large nonlinear coefficients;12 typical samples are YAI3(B03)4,
LiB3O5(LBO), 13-BaB204(BB0). The calculation showed that B409 hassmall
nonlinear coefficients according to the anion group theory.12 The magnitude of the
second harmonic signal of NaLiB4O7, relative to KH2PO4(KDP) has been obtained
in our lab by Kurtz-Perry method.The signal produced from a 1064 nm
fundamental corresponds to10% of KDP.Further inspection of the boron
framework in the structure revealed that there exists a pseudo inversion center.
The presence of pseudo centrosymmery in the compound NaLiB407affords the low
magnitude of second harmonic generation signal.
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Abstract
The structure of strontium potassium pentaborate, SrKB509, has been
established by single crystal X-ray methods. It crystallizes in the monoclinic system
and space group P2, /c. The structure contains both B307 and B308 rings that
share a common B atom to form a complex, two-dimensional network constituting
the basic B509 unit in the formula. Adjacent networks are bound together by Sr and
K atoms occupying 8- and 9-coordinate sites, respectively.90
Comment
Polyborates of the heavier alkaline-earth metals can exhibit unusual and
efficient emission charcteristics when doped withluminescent ions (Verwey,
Coronado & Blasse, 1991; Dirksen & Blasse, 1991; Meijerink, Van Heek & Blasse,
1993).1'2 As part of our continuing efforts to synthesize new examples of these
materials, we have prepared the new compound SrKB5O9 from a study of the
system SrO-K20-B203.Insofar as we know, it is the first ternary borate to be
discovered in this system. A powder sample is readily prepared by grinding a
stoichiometric ratio of Sr(NO3)2(AESAR, ACS grade), KNO3 (JTB, ACS grade), and
B2O3 (ALFA, 99.98%) and heating at 893 K for 2 h and 993 K for 8 h. Analysis of
the product by X-ray diffraction indicates that it is single phase. The compound
undergoes a peritectic decomposition, as an X-ray powder analysis of a solidified
melt reveals only peaks attributable to the phase SrB2O4. For crystal growth, KNO3
and B2O3 were added to a fresh sample of SrKB5O9 to produce a mixture of
composition 1Sr0: K2O: 4B203. This composition was melted at 1118 K in a Pt
crucible, and crystals were procured by cooling to 850 K at 6 K/h and then to room
temperature at 60 K/h. The crystals were extracted by dissolution of the flux in
water. Structure data are provided in the experimental details, and atomic
coordinates and isotropic thermal parameters are listed in Table 6.1.3.4
The two-dimensional polyborate network (Figure 6.1) is isotypic to that of
CaNaB5O9 (Fayos, Howie & Glasser, 1985) and is built from a condensation of
B307 (26+1T) [A = triangular coordination, T = tetrahedral coordination of B] and
B308 (16+2T) rings.5 These rings share a tetrahedrally coordinated B atom to form91
Table 6.1. Atomic Parameters for SrKB5O9.
Atom z U2e1
Sr 0.9218(1)0.0151(9)0.2392(4) 0.0095(3)
K 0.5022(2)-0.1540(2)0.4007(1) 0.0175(6)
01 1.0917(6)-0.2020(6)0.3467(3) 0.015(3)
02 0.3608(6)0.1784(6)0.4131(3) 0.014(3)
03 0.8729(6)-0.1729(6)0.4726(3) 0.017(3)
04 0.6717(6)0.1674(6)0.3420(3) 0.013(3)
05 1.2223(6)-0.0468(6)0.1353(3) 0.013(3)
06 0.2089(6)-0.2678(6)0.5026(3) 0.017(3)
07 1.0191(6)0.2366(6)0.3690(3) 0.014(3)
08 0.5547(6)-0.0999(6)0.1974(3) 0.017(3)
09 1.3591(6)0.1312(6)0.2470(3) 0.0152(3)
B1 1.383(1) -0.007(1) 0.1942(4) 0.014(3)
B2 0.807(1) 0.2799(9)0.3975(5) 0.014(3)
B3 0.463(1) 0.215(1) 0.3270(5) 0.010(3)
B4 0.833(1) -0.1979(9)0.5644(5) 0.013(4)
B5 0.062(1) -0.217(1) 0.4387(5) 0.015(4)
ue2q=-
3
E E uva;c1;a..a,92
Figure 6.1.Drawing of SrKB5O9 along [100]. Darker circles represent Sr atoms
and lighter circles K atoms.93
a 85011 group as shown in Figure 6.2(Vegas, Cano & Garcia-Blanco, 1976).6 As
an isolated unit, this group contains five terminal 0 atoms, but in the network of title
compound four of them are shared to give the formula [B50704,2] = oo[B509]. As
seen in Fig. 6.1, the thick, undulating B509 sheets extend in the ac plane, with
stacking and interdigitation of successive layers producing the sites occupied by
the Sr and K atoms. The Sr sites are approximately centered in the medial planes
of the polyborate networks, while the K sites are primarily found in the interlaminar
spacings.
The Sr atom is bound by eight 0 atoms, and the K atom by nine;
interconnections among these polyhedra are made by sharing edges and faces.
Selected interatomic distances and angles are listed in Table 6.2. Sr-0 distances
range from 2.539(5) to 3.058(4) A with a mean of 2.67±0.17 A, and K-0 distances
range from 2.633(4) to 3.265(5) A with an average of 2.87±0.19 A. Atoms Bl, B4,
and B5 bind to 0 in a triangular mode, and the remaining B atoms occupy distorted
tetrahedral sites.
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Fici are 6.2.Sketch of the labled B5011 rings in the structure SrKB5O9.95
Table 6.2. Interatomic Distances (A) and Angles (°) for SrKB5O9.
Sr -O(1) 2.539(5) K-0(11 2.833(4)
Sr -O(1') 2.564(5) K-0(2) 2.821(5)
Sr-0(4) 2.581(4) K-0(21 2.770(4)
Sr-0(5) 2.602(4) K-0(3) 2.633(4)
Sr-0(7) 2.614(5) K-0(4) 2.940(5)
Sr -O(7 ") 2.744(4) K-0(6) 2.658(4)
Sr-0(8) 2.655(4) K-0(8) 2.970(5)
Sr-0(9) 3.058(4) K-0(91 3.265(5)
B1-0(5) 1.366(7) K-0(9") 2.902(5)
B1-0(8") 1.363(8) B1-0(9) 1.347(8)
B2-0(4) 1.472(8) B2-0(5i) 1.467(8)
B2-0(61 1.436(8) B2-0(7) 1.535(7)
B3-0(2) 1.464(8) B3-0(4) 1.449(7)
B3-0(81 1.518(8) B3-0(9i") 1.466(8)
B4-0(21 1.361(8) B4-0(3) 1.364(8)
B4-0(7") 1.367(8) B5-0(1"') 1.341(8)
B5-0(3"') 1.419(8) B5-0(6) 1.365(8)
0(1)-Sr-0(4) 105.9(9) 0(7")-Sr-0(9) 94.6(2)
0(1)-Sr-0(5) 83.1(2) 0(11-K-0(2) 79.7(1)
0(1)-Sr-0(7) 86.9(1) 0(2)-K-0(3) 109.9(1)
0(1)-Sr-0(8) 106.1(1) 0(2)-K-0(6) 91.6(1)
0(4)-Sr-0(5) 162.4(1) 0(2)-K-0(8) 89.0(1)96
Table 6.2. Continued
O(4)- Sr -O(4) 54.9(1) 0(3)-K-0(4) 78.0(1)
O(5)- Sr -O(7) 111.1(1) 0(3)-K-0(6) 118.1(1)
O(5)- Sr -O(8) 122.4(1) 0(3)-K-0(8) 103.4(1)
O(5)- Sr -O(8) 122.4(1) 0(4)-K-0(6) 139.3(1)
O(7)- Sr -O(8) 125.8(1) 0(6)-K-0(8) 135.4(1)
0(5)-B1-0(81 121.7(6) O(5)- B1 -O(9) 114.9(6)
O(8 ")- B1 -O(9) 123.4(5) 0(4)-B2-0(5') 109.6(5)
0(4)-B2-0(61 114.7(5) O(4)- B2 -O(7) 105.6(5)
0(51)-B2-0(61 111.4(5) O(5')- B2 -O(7) 103.6(5)
O(6 ")- B2 -O(7) 111.2(5) O(2)- B3 -O(4) 108.1(5)
O(2)- B3 -O(8) 116.1(4) 0(2)-B3-0(9iii) 109.8(5)
0(4)-B3-0(81 110.6(5) 0(4)-B3-0(91 114.0(5)
0(81-B3-0(91 103.7(5) O(2 ")- B4 -O(3) 116.4(5)
0(21-B4-0(71 121.5(6) 0(3)-B4-0(71 122.1(6)
0(11-B5-0(31 119.4(6) 0(11-B5-0(6) 122.8(6)
0(31-B5-0(6) 117.7(5)
Symmetry codes:(i) 2-x,1/2+y,1/2-z (ii) 2-x, y-1/2, 1/2-z (iii) x-1, +y,+z (iv)1-x,
-y, 1-z (v) 1+x, +y, +z (vi) 1-x, 1/2+y, 1/2-z (vii) 2-x, -y,1-z97
Table 6.3. Experimental details for the structure solution of SrKB5O9
Compound [e.g. (1), (2) etc.] Stronium Potassium Pentaborate
RYSTAL DATA
Chemical formula
SrKB5O9
Crystal System
Monoclinic
Mr
324.76
Space Group
P2, /c
a (A)
6.676(1)
a (°)
b (A)
7.969(2)
(3 (°)
93.00(1)
c (A)
14.259(2)
Y (°)
Z 4 Dm (Mg m-3)
V (A3) 757.6(2) Dx (Mg m-3) 2.847
Radiation
Mo Ka
No. of reflections for
lattice parameters 19
Wavelength (A)
0.71069
0 range for lattice parameters (°)
30 s 20 s 36
Absorption coefficient (mm-')7.479 Temperature (K) 296
Crystal source Grown from a melt of composition 1Sr0:1K20:4B203
Crystal colorColorless Crystal description Plate
Crystal size (mm)0.10(2) x 0.06(2) x 0.03(2)
DATA COLLECTION
Diffractometer type Rigaku AFC6R Collection method 03-20
Absorption correction type (circle appropriate
description) DIFABS
analytical integration empirical refdelf
sphere cylinder none
Absorption correction (Tm,n, Tmax)
0.731
No. of reflections measured
2544
Rim
0.058
No. of independent reflections
2364
emax(°)
37.5
No. of observed reflections
1599
No. of standard reflections (and interval)
(every 200 data)
Criterion for observed
F023cr(F02)
Variation of standards
-5.0% in intensity
1-6,0 0 hma. 9
kmin 0 km., 11
Imin -20 In,. 2098
Table 6.3. Continued.
EXPERIMENTAL DETAILS (continued)
REFINEMENT
Treatment of hydrogen atoms (circle
appropriate entry, or describe in box below)
refall refxyz ref U noref
F, F2 or I
F
R
0.044
No. of parameters refined
145
wR
0.048
No. of reflections used in refinement
1471
S
1.27
Weighting scheme ZW(1FoI -I Fc 1 )2
w=1 /ci(Fo);a( 02).
(No)m.
0.03
(AP)min (e A.3)
0.71
Extinction correction method (if applied)
TEXSAN (12)
(Ap)max (e k3)
0.87
Primary- and secondary-extinction values
0.78(3)E-7
Source of atomic scattering factors
International Tables for X-ray
Crystallography
*a(F02).[C+1/4(tjtb)2(bi+b2)+(px1)2]1/2
C. total # of counts per peak
tc. time spent counting peak intensity
tb=time spent counting one side of background
b1= high-angle background counts
b2= low-angle background counts
p= fudge factor; ignorance factor; p-factor
1=C-1/2(tc/tb)(bi+b2)99
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Abstract
The new pentaborate SrNaB5O9 has been synthesized and its structure
determined by single-crystal X-ray methods.It crystallizes with four formula
units in the monoclinic space group P21/c(#14); cell dimensions are a =
6.4966(8), b = 13.973(2), c = 8.042(6) A, 13 = 106.878(7)°, and V = 698.6 A3.
The structure was determined from 1558 independent reflections and refined to
the final residuals R = 0.027 and R,, = 0.031. The extended B808 3 polyanion
consists of three distinct triangular B03 and two distinct, distorted tetrahedral B04
groups. These five groups condense to form two types of rings - B307 and B308.
These two rings share a common bridgehead in producing a complex, two-
dimensional network. The Sr and Na atoms occupy 8-coordinate sites within the
interdigitated networks.
The luminescence of a Ce3+ doped sample exhibits a maximum emission
at 356 nm.102
Introduction
Borates occur ina variety of luminescent hosts. These include
pentaborates MgGdB50,01 and LaMgB5010.2 Ce3+ in these pentaborates is an
excellent sensitizer at all temperatures.If suitable activators like Tb3+ and Mn2+
are built in, very efficient phosphors can be made.' As part of our program to
synthesize new efficient phosphors, we discovered the new pentaborate
SrNaB5O9 recently.
The first pentaborate containing B509 polyanion group, CaNaB5O9,4 was
reported by Verwey al in 1985. Later, several pentaborates, SrKB5O9,5
BaNaB5O9,6 and BaKB5O9,6 were successfully synthesized and structurally
characterized in our lab.In this report we describe the structure and Ce3+
luminescence of the material SrNaB5O9.103
Experimental
Crystal Growth and X-ray Work
A powder sample of SrNaB5O9 was prepared by grinding a stoichiometric
ratio of Sr(NO3)2 (AESAR,ACS grade), NaNO3 (JTB, ACS grade) and B203
(ALFA,99.98 %). A single-phase product was prepared by heating the mixture at
893 K for 1 h followed by regrinding and heating at 993 K for 10 h.The
compound was melted at 1223 K and an X-ray powder pattern taken on a Phillips
diffractometer revealed only peaks attributable to the phase SrB2O4, indicating
SrNaB5O9 undergoes a peritectic decomposition. By adding 10% mol NaCI, 10%
mol B203, and 5% mol PbO, a melt was produced at 1173 K. Crystals were
subsequently grown in a Pt crucible by cooling the melt to 800 K at 6 K/h then to
room temperature at 60 K/h. A colorless, transparent crystal of dimensions 0.08
x 0.06 x 0.05 mm was selected and mounted on a glass fiber with epoxy for
structuredetermination.Allmeasurements were made withgraphite-
monochromated Mo Ka radiation on a Rigaku AFC6R diffractometer. Unit-cell
parameters and an orientation matrix for data collection were obtained from
least-squares refinement with the setting angles of 20 automatically-centered
reflections in the range 30° < 28 < 36°. Laue symmetry 2/m was determined on
the diffractometer. Intensity data were collected over the range of indices 0 s h
9, 0 < k < 19, -10I < 10 by using the w -20 scan technique to a maximum 28
= 60°. Of the 2286 reflections collected, 2125 data were unique, and 1558 had
Fc!,3a(FD.
The structure was solved on micro-VAXII computer with programs from104
the TEXSAN crystallographic software package.' The position of the Sr atom
was determined from the direct methods program SHELXS,9 and the remaining
atoms were located from difference electron density maps. After full-matrix
refinement of the model to convergence with isotropic displacement coefficients,
an absorption correction was applied by using the program DIFABS9
(transmission factors-0.91-1.15). The data were averaged (FL = 0.022) and then
refined with anisotropic thermal displacement coefficients on each atom. Final
least-squares refinement on Fo with those reflections having F:2,3o(F20) resulted
in the residuals R = 0.027 and Rw= 0.031. Both maximum and minimum peaks
in the final difference electron density map correspond to 0.33% of the Sr atom.
Powder diffractionpatternof the compound, obtainedwith aPhilips
diffractometer, agrees well the one generated from the results of the single-
crystal studies and the computer program Lazy-PULVERIX.19 Important crystal
data are listed in Table 7.1, atomic coordinates and equivalent isotropic thermal
parameters are given in Table 7.2.
Luminescence
Powder samples of SrNaB5O9 doped with 1 mol% Ce02,(ACC,99.9%).
They were reduced in the atmosphere of 93% N2 7% H2 to get Ce3+-doped
samples. A room-temperature luminescence spectrum of the sample was
obtained on a computer-controlled, right-angle spectrometer. Excitation provided
by a Xe lamp was passed through a 50 cm water filter and focused onto the slits
of a Cary model-15 prism monochromator. Excitation was focused onto the
sample mounted on a copper sample holder within a quartz emission dewar.105
Table 7.1. Crystallographic Data for SrNaB5O9
Formula weight, amu 308.65
Space group P21/c(#14)
Crystal size, mm 0.08 x 0.06 x 0.05
a, A 6.4988(8)
b, A 13.973(2)
c, A 8.042(6)
0,o 106.878(7)
z 4
V,A3 698.6(1)
Dmicd,g cm-3 2.934
F(000) 584
g(Mo Ka), cm-1 75.73
Scan rate, /min 16
No. Observations(Fg3a(FD) 1558
No.Variables 145
Fla 0.027
R,A,b 0.031
aR=E IiFo-iFciI/E 1F01
bR,= [Ew(iFoiiFch2/E WiF012]1/2106
Table 7.2. Atomic Coordinates and Isotropic Thermal Parameters for SrNaB5O9
atom x y z Beg
Sr 0.60080(5) 0.27035(2) 0.06153(4)0.71(1)
Na 0.0336(2) 0.0847(1) -0.1528(2)1.49(5)
01 0.6640(4) 0.3536(2) 0.3562(3)0.96(8)
02 0.2514(3) 0.1911(2) 0.1037(3)0.81(7)
03 0.9836(4) 0.2256(2) 0.2466(3)0.88(7)
04 0.5800(3) 0.3754(2) -0.2222(3)0.71(7)
05 1.0123(3) 0.3276(2) 0.0335(3)0.79(7)
06 0.2821(3) 0.3731(2) -0.1091(3)0.64(7)
07 1.3705(3) 0.4616(2) 0.2913(3)1.04(8)
08 1.0718(3) 0.5592(2) 0.1969(3)0.86(8)
09 0.7281(3) 0.5204(2) 0.3505(3)0.91(8)
B1 1.0883(6) 0.2468(2) 0.1272(5)0.8(1)
B2 0.3406(5) 0.3877(3) -0.2678(5)0.7(1)
B3 0.7140(6) 0.4499(3) -0.2337(4)0.8(1)
B4 1.0563(5) 0.1446(3) 0.3712(4)0.6(1)
B5 0.5919(5) 0.4429(3) 0.3357(4)0.7(1)107
Luminescence was collected at a near-right angle to excitation, dispersed
through on Oriel 22500 1/8 m monochromator, and detected with a Hamamatsu
R636 photomultiplier tube. The signal was collected and amplified with a keithley
model 602 picoammeter then converted to a digital signal for computer
acquisition.Spectrometer control and data acquisition were achieved with
programs written in this laboratory.108
Results and discussion
Structrue
The contents of a unit cell of SrNaB5O9 are given in Figure 7.1. The
structure consists of85093-polyanion groups, eight-coordinate Sr and Na atoms.
The polyborate framework can be best appreciated by considering Figure 7.2 that
is iostypic to those of pentaborates CaNaB5O9 and BaNaB5O9. Two dimensional
B509 rings extend in the be plane and the vacancies in the framework are
occupied by the Sr and Na atoms.
The basic building block, B5093- anion as seen in Figure 7.3, is constructed
from three triangular B03 and two tetrahedral B04 groups. These five groups
are condensed into two type of rings B307 (1A+2T) [A = triangular coordination,
T = tetrahedral coordination of B] and B308 (10 +2T). Two rings share a common
tetrahedrally coordinated B atom and constitute the B5011 anion group. The
isolated B5011 anion group appears in 3Bi203.5B203.11 In the network of the title
compound, four of the five terminal 0 atoms are shared with other four 85011
groups to constitute the fundamental B509 anion and form a two-dimensional
sheet. As seen in Figure 7.2, the complex sheets extend in the ab plane with
interdigitation of successive layers. The chemical formula of the anion group can
be obtained by simply counting the 0 atoms in the rings, that is, each B5011 is
interconnected to other four B5011 groups to constitute [B5070412] = .[ B509].
The arrangement of anion groups of SrNaB5O9 is similar to those of
CaNaB5O9 and BaNaB5O9. Although two K compounds; SrKB5O9 and BaKB509,109
Figure 7.1.Drawing of the unit cell of SrNaB5O9 as viewed along thec axis.
The largest circles represent 0 atoms, lighter larger circles Sr
atoms, dark and smaller circles Na atoms, and the smallest circles
B atoms.110
Figure 7.2.Drawing of SrNaB5O9, along (100)direction. The triangles
represent BO3 groups, and tetrahedra BO, groups. Large circles
are Sr atoms, and small circles Na atoms. Here, and In Figure 7.3.111
Figure 7.3.Sketch of B509 ring. Triangles represent B03group, tetrahedra B04
groups.112
also contain the same two-dimensional B509 sheet, the B509 rings extend in ac
plane. Therefore, the unit cell of the title compound mainly differs from the
SrKB5O9 and BaKB5O9 by the exchange of the unique axis with the c axis. The
anion groups can be also compared to the B509 group in the structure
Ca2B509Br12 composed of two triangular B03 and three tetrahedral B04 groups.
The Sr atom is surrounded by two each of the atoms 01 and 04, one
each of atoms 02, 03, 05, and 06 in an environment of very distorted
hexagonal bipyramid. The angle of 01-Sr-01 in axial direction is 155.4(8)° and
the angles of 01 to equatorial direction vary from 73.00(7) to 119.51(7)° showing
the degree of distortion from an ideal hexagonal bipyramid. The interatomic
distances of Sr-0 are in the range of 2.508(2) to 2.862(2) A averaging at 2.638
± 0.112 A. The mean distance is in good agreement with those values of 2.67
± 0.17 A in the structure SrKB5O9, and 2.68 A calculated Shannon crystal radii."
Atom Na is also bound by eight 0 atoms; two atoms 09, one each of
atoms 01, 02, 03, 05, 07, and 08 in a site that can be best described as
distorted square antiprism. The Na-0 distances fall in the range of 2.396(3) to
2.772(3) A with a mean at 2.582 ± 0.140 A comparable to the average distance
2.505 ± 0.112 A for the 7-coordinate Na atom in the structure Cs2Na2B10017,14
and the value 2.60 A of Shannon crystal radii for a 8-coordinate Na atom.
The environments and connectivities of these Sr- and Na-centered
polyhedra can be established by referring Figure 7.1. Each Sr- and Na-centered
polyhedra link to the like polyhedra by sharing edges, while the connections
between these two polyhedra are made by sharing faces.113
Interatomic distances and angles for the atoms Bl, B2, B3, and B4 are
normal (Table 7.3). Atoms B1 and B3 occupy distorted triangular planar sites,
while atoms B2 and B4 lie in the distorted tetrahedral sites. The B-0 distances
spread from 1.342(4) to 1.378 (4) A for 3-coordinate B atoms,and from 1.448(4)
to 1.506(4) A for 4-coordinate B atoms, compared well to the values 1.37 A and
1.47 A computed Shannon crystal radii, respectively. However, as we mentioned
above, four of the five terminal 0 atoms link to neighboring B509 rings and leave
one 0 atom alone. That is, atom 01 only bonds to the B5 atom compared to the
other 0 atoms bond to two B atoms. Therefore, the electron density is shifted
to the relative electropositive atom B5 resulting the shortest bond of B5-01 at
1.325(4) A in the structure.This phenomenon also occurs in the other
pentaborates that we described elsewhere.
Luminescence
Ce3+ luminescence in SrNaB5O9, Figure 7.4, shows a broad emission band
from 330 nm to 390 nm with the maximum at 356 nm. The excitation band peaks
at 290 nm. The broad band corresponds to 5d-4f transitions since the 5d
electron orbital is much more strongly affected by the neighboring ions compare
to 4f orbital. The lowest lying 5d orbital is higher above the Ce3+ ground state,
thus the emission at UV range can be expected.The ground state of fl
configuration for Ce3+ splits into' F712 and 1F512 due to spin-orbit coupling. The 2E7,2
is about 2000 cm-1 higher in energy. This splitting can be observed clearly at low
temperature, as B. Saubat et al reported maxima at 299.5 and 317 nm in
Ce0.101-a0.90MgB5010.2 Ce3+ ion is an excellent sensitizer in borates such as114
Table 7.3. Selected interatomic Distances (A) and Angles ( °) for SrNaB5O9
Sr-01 2.564(2) 01-Sr-01 155.40(8)
Sr-01 2.508(2) 01-Sr-02 89.13(7)
Sr-02 2.635(2) 01-Sr-03 73.00(7)
Sr-03 2.577(2) 01-Sr-04 119.51(7)
Sr-04 2.684(2) 01-Sr-05 92.48(7)
Sr-04 2.707(2) 01-Sr-06 107.18(7)
Sr-05 2.862(2) 02-Sr-03 123.15(7)
Sr-06 2.565(2) 03-Sr-04 115.19(7)
04-Sr-05 118.88(6)
05-Sr-06 115.39(6)
Na-01 2.571(3) 01-Na-02 94.79(8)
Na-02 2.602(3) 01-Na-03 69.86(8)
Na-03 2.763(3) 01-Na-05 94.44(8)
Na-05 2.772(3) 02-Na-05 109.93(8)
Na-07 2.446(3) 02-Na-07 89.25(8)
Na-08 2.396(3) 03-Na-07 103.59(9)
Na-09 2.476(3) 05-Na-08 84.10(8)
Na-09 2.633(3) 05-Na-09 116.35(9)
07-Na-08 57.06(8)
08-Na-09 93.46(9)
B1-02 1.372(4) 02-B1-05 124.2(3)
B1-03 1.360(4) 02-B1-03 122.5(3)Table 7.3 Continued.
1 1
B1 -05 1.367(4) 03 -B1 -05 1 1 3.2(3)
B2-02 1.506(4) 02-B2-04 104.4(2)
B2-04 1 .501 (4) 02-B2-06 1 1 0.8(3)
B2-06 1.448(4) 02-B2-09 109.0(2)
B2-09 1.455(4) 04-B2-06 106.7(2)
04-B2-09 111.8(3)
06-B2-09 1 1 3.8(3)
B3-04 1.377(4) 04-B3-07 120.2(3)
B3-07 1.378(4) 04-B3-08 123.3(3)
B3-08 1.342(4) 07-B3-08 1 1 6.5(3)
B4-03 1.494(4) 05-B4-06 1 1 3.6(3)
B4-05 1.467(4) 03-B4-05 106.9(3)
B4-06 1.450(4) 03-B4-06 108.4(2)
B4-08 1.467(4) 03-B4-08 109.3(2)
05-B4-08 108.2(2)
06-B4-08 1 1 0.4(3)
B5-01 1.325(4) 01 -B5 -07 120.4(3)
B5-07 1.402(4) 01 -B5 -09 122.2(3)
B5-09 1.382(4) 07-B5-09 117.4(3)
5200 250 300 350 400 450 500
Wavelength (nm)
Figure 7.4. Excitation and Emission of Luminescence of 1% Ce:SrNaB509 at 298 K.
550117
GdMgB5O101 and LaMgB5O102 at all temperatures. Since there are several Tb3+
and Mn' f-f absorption lines in the region of Ce3+ emission the energy transfer
occurs from Ce3+ to Tb3+ or Mn2+. Efficient phosphors could be made if codoped
with Tb3+ or Mn2+.The further studies are on going to characterize the
luminescence properties of SrNaB5O9.
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Abstracts
The new pentaborates BaMB5O9 (M = Na or K) have been prepared and
their structures determined by the single crystal X-ray diffraction methods. They
crystallize in the monoclinic space group P21/c with unit cell parameters a =
6.593(5), b = 13.98(1), c = 8.376(6) A,13 = 105.29(5)°, V = 744.5(9) A3 for the
compound BaNaB5O9 and a = 6.726(1), b = 8.328(2), c = 14.356(2) A,[3 =
92.60(1)°, V = 803.2(2) A3 for BaKI3809.The B-0 framework in the structures is
built from a condensation of B307 and B308 rings into 138011 group. The framework
in the title compounds is isotypic to CaNaB5O91 and SrKB5O9.2 Each B8011 unit in
the structure connects to other four like groups to form B507+4/2 anion group in
comparison with the isolated B8011 in (Bi30)B80113 and vertex-sharing of five 138011
groups in the polyborates Cs2M2B10017(M = Na or K).4 Adjacent networks are
bound together by Ba and Na(K) atoms.121
Introduction
Some borates are known to be efficient luminescent materials. Among
them, two pentaborates, MgGdB50,0,8 LaMgB50,0,8 have been used as phosphors
in fluorescent lamps. In our continuing efforts to search new luminescent materials,
we have recently identified new phases BaMB5O9 (M = Na or K). Although two
compounds; BaNaB03 'and BaNaB9015 8 in BaO-Na20-B203 ternary system, have
been discovered in this lab, no data are available in the ternary system BaO -K20-
B203 in literature.
For pentaborates containing B509 anion group, on the other hand, two
crystal structures, CaNaB5O91 and SrKB5O92 have been previously reported. As will
be seen in our present work, the structure of BaNaB5O9 is similar to that of
CaNaB5O9 in which the B509 sheet spreading in the be plane, while the structure
of BaKB5O9 resembles that of SrKB5O9 in which the B509 sheet lying in the ac
plane.122
Experimental
Powder samples of BaMB5O9 (M = Na,K) were prepared by grinding the
stoichiometric ratio of Ba(NO3)2(AESAR,ACS grade), NaNO3(JTB, ACS grade),
KNO3(JTB, ACS grade), and B203(ALFA,99.98°/0). The single-phase products were
prepared by heating the mixtures at 893 K for 1 h followed by regrinding and
heating at 993 K for 10 h. The compound BaNaB5O9 was melted at 1113 K and the
crystals were subsequently grown in a Pt crucible by cooling the melt to 880 K at
6 K/h then to room temperature at 60 K/h. The BaKB5O9 was melted at 1063 K and
an X-ray powder pattern taken thereafter on a Phillips diffractometer revealed only
peaks attributable to the phase BaB2O4, indicating BaKB5O9 undergoes a peritectic
decomposition.By adding 20% mol KNO3 and 30% mol B2O3, a melt was
produced at 1013 K. The crystals were then grown in a Pt crucible by cooling the
melt to 700 K at 6 K/h then rapidly to room temperature by turning off the power to
the furnace. The colorless, transparent crystals of approximate dimensions 0.12
x 0.08 x 0.05 mm of the Na compound and 0.10 x 0.07 x 0.05 mm of the K
compound were selected and mounted on glass fibers with epoxy for structure
determinations. All measurements were made with graphite-monochromated Mo
Ka radiation on a Rigaku AFC6R diffractometer. Unit-cell parameters and an
orientation matrix for data collection were obtained from least-squares refinement
with the setting angles of 20 automatically-centered reflections in the range 30°
28 < 36°. Laue symmetry 2/m was determined on the diffractometer. Intensity data
were collected over the range of indices 0 _. h s 9, 0 < k < 19, -11 <I5_ 11 for the
compound BaNaB5O9 and 0h < 9, 0 < k < 11, -20 s I < 20 for BaKB5O9 by using123
the co-28 scan technique to a maximum 20 = 60°.From the 2430 reflections
collected in the compound BaNaB5O9, 2259 data were unique, and 1549 had F20
3a(FD, while of the 1709 reflections collected in the compound BaKB5O9, 1557
data were unique, and 985 had F203a(F20).
The structures were solved on micro-VAXII computer with programs from the
TEXSAN crystallographic software package.9 The position of the Ba atoms in
these two structures was determined from the direct methods program SHELXS,19
and the remaining atoms were located from difference electron density maps.
Afterfull-matrixrefinement of the model to convergence with isotropic
displacement coefficients, an absorption correction was applied by using the
program DIFABS.11 The data were averaged (Rint = 0.047 for the Na compound and
Rint = 0.066 for the K compound) and then refined with anisotropic thermal
displacement coefficients on each atom. Final least-squares refinement on F0 with
those reflections having F2o3a(FD resulted in residuals R = 0.033 and Rw = 0.039
for the compound BaNaB5O9, R = 0.044, Rw = 0.052 for the compound BaKB5O9.
The maximum and minimum peaks in the final difference electron density map in
the compound BaNaB5O9 correspond to 0.36% and 0.43% of the Ba atom, and the
maximum and minimum peaks of that correspond to 0.83% and 1.0% of the Ba
atom in the compound BaKB5O9. Important crystal data are listed in Table 8.1,
atomic coordinates and equivalent isotropic thermal parameters of the compounds
BaNaB5O9 and BaKB5O9 are listed in Table 8.2 and Table 8.3, respectively.124
Table 8.1. Crystallographic Data for BaMB5O9 (M = Na, K).
Chemical formula
Formula weight, amu
Space group
a, A
b, A
c, A
P°
z
V, A3
Died, g cm-3
F(000)
i,t(Mo Ka), cm-1
Scan rate, °/min
No. Observations(F3a(F,!,)
No. Variables
Ra
Rwb
BaNaB5O9 BaKB5O9
358.36 374.47
P21/c(#14)
6.593(5) 6.726(1)
13.98(1) 8.328(2)
8.376(6) 14.356(2)
105.29(5) 92.60(1)
4
744.5(9) 803.2(2)
3.197 3.096
656 688
54.15 54.87
16 8
1549 985
145 145
0.033 0.047
0.039 0.052
aR=E I iFo-iFci I/E 1F01
bRw= [Ew(IF01-1Fc1)2/Ew1F012]112125
Table 8.2. Atomic and equivalent isotropic thermal parameters for BaNaB509.
atom x y z B(eq)
Ba 0.08591(5) 0.78278(3) 0.06125(4)0.80(1)
Na 0.5426(4) 0.9193(2) 0.3548(4) 1.7(1)
0(1) 0.0541(6) 0.8738(3) -0.2383(5)0.8(1)
0(2) 0.1658(7) 0.6446(4) -0.1268(6)1.3(2)
0(3) -0.2713(6) 0.6885(3) 0.0927(5)0.9(1)
0(4) 0.5979(6) 1.0680(3) 0.2142(5)0.9(1)
0(5) 0.4805(7) 0.7349(3) 0.2418(6)0.9(2)
0(6) 0.8831(7) 0.9648(3) 0.2999(9)1.1(2)
0(7) 0.2388(7) 1.0196(3) 0.3614(6) 1.0(1)
0(8) -0.2464(6) 0.8750(3) -0.1324(5)0.8(1)
0(9) 0.4991(7) 0.8243(3) 0.0141(5)0.8(1)
B(1) 0.100(1) 0.9443(5) 0.3506(9)0.9(2)
B(2) 0.573(1) 0.7484(5) 0.1144(8)0.5(2)
B(3) 0.193(1) 0.9460(5) -0.2487(9)0.9(2)
B(4) -0.182(1) 0.8878(5) -0.2819(9)0.8(2)
B(5) 0.463(1) 1.1502(5) 0.1460(8)0.8(2)126
Table 8.3. Atomicand equivalent isotropic thermal parameters for BaKB509.
atom x z B(eq)
Ba 0.5733(1) 0.0277(1) 0.27087(6)1.24(3)
K 1.0135(5) 0.3539(4) 0.4030(2)1.7(1)
0(1) 0.832(1) 0.167(1) 0.1582(6)1.2(4)
0(2) 0.941(1) -0.118(1) 0.2923(6)1.3(4)
0(3) 0.255(1) -0.060(1) 0.3694(7)1.1(4)
0(4) 0.493(1) 0.243(1) 0.1320(6) 1.2(4)
0(5) 0.594(1) 0.322(1) 0.3520(6)1.4(4)
0(6) 0.716(1) 0.247(1) 0.5034(6)1.5(4)
0(7) 1.379(1) 0.335(1) 0.4781(6)1.3(4)
0(8) 0.130(1) 0.119(1) 0.2610(6)1.2(4)
0(9) 1.151(1) 0.327(1) 0.5954(6)1.4(4)
B(1) 0.344(3) 0.192(2) 0.070(1) 1.5(7)
B(2) 0.107(2) -0.017(2) 0.307(1) 1.0(6)
B(3) 0.703(2) 0.275(2) 0.102(1) 1.4(7)
B(4) 0.571(3) 0.301(2) 0.441(1) 1.7(7)
B(5) 1.040(2) 0.209(2) 0.179(1) 1.4(7)
O
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Results and discussion
The labeled drawings of the content of the unit cells of BaNaB5O9 and
BaKB5O9 are given in Figure 8.1 and Figure 8.2, respectively. Both pentaborates,
BaNaB5O9 and BaKB5O9, contain two-dimensional boron-oxygen framework that
is composed of B509 rings. The framework is isotypic to that of CaNaB5O9 and
SrKB509.1'2 Adjacent networks are bound together by Ba and M (M = Na, K) atoms.
The Ba atom is surrounded by eight 0 atoms in these two structures. The Na atom
is coordinated by seven 0 atoms in the structure BaNaB5O9, while the K atom is
bound to nine 0 atoms in BaKB5O9.
The framework of B509 is built from a condensation of B307 (20 + 1T) [A =
triangular coordination, T = tetrahedral coordination of B] and B308 (1,6, + 2T) rings.
These rings share a tetrahedrally coordinated B atom to form a B5011 group. This
isolated B5011 group appears in the compound (Bi30)B5011.3 As an isolated unit,
this group contains five terminal 0 atoms, but in the network of title compounds
four of them are shared to give the formula .[B50704,2] = j13509]. As seen in Figure
8.3, the thick, undulating B509 sheets extend in the be plane in the structure
BaNaB5O9. While in the structure BaKB5O9, the B509 sheets extend in the ac plane,
as shown in Figure 8.4. The cations in the structures occupy the sites between the
successive layers.
Selected interatomic distances and angles of the structures BaNaB5O9 are
listed in Table 8.4. Atom Ba in the BaNaB5O9 is bound by two of each atoms 01
and 02, one of each atoms 03, 05, 08, and 09 in an environment that is best
described as a distorted hexagonal bipyramid. The angle of 02-Ba-02 at 146.0(2)°128
Figure 8.1.Drawing of the unit cell of BaNaB5O9 viewed down the a axis where
the largest circles are 0 atoms, the smallest ones are B atoms, the
lighter medium circles Ba atoms, and the smaller circles Na atoms.129
Figure 8.2.Drawing of the unit cell of BaKB509 viewed down the b axis where the
largest circles are 0 atoms, the smallest ones are B atoms, the dark
medium circles Ba atoms, and the smaller circles K atoms.130
O
Figure 8.3.Drawing of BaNaB5O9 along (100) direction. The triangles are B03
groups and the tetrahedra B04 groups. The large circles represent
Ba atoms, and the small circles Na atoms.131
Figure 8.4.Drawing of BaKB5O9 along (010) direction. The triangles are B03
groups and the tetrahedra B04 groups. The large circles represent
Ba atoms, the small and dark circles K atoms.132
Table 8.4. Selected angles(°) and distances(A) of BaNaB509.
Ba-01 2.772(5) 01-Ba-02 77.0(1)
Ba-01 2.800(5) 01-Ba-03 116.2(1)
Ba-02 2.631(5) 01-Ba-08 51.5(1)
Ba-02 2.722(5) 01-Ba-09 68.6(1)
Ba-03 2.771(5) 02-Ba-03 91.0(1)
Ba-05 2.725(5) 02-Ba-05 80.8(1)
Ba-08 2.686(5) 02-Ba-08 104.5(1)
Ba-09 2.912(5) 03-Ba-08 163.7(1)
05-Ba-09 118.2(1)
08-Ba-09 117.7(1)
Na-02 2.682(6) 02-Na-04 124.4(2)
Na-03 2.540(5) 02-Na-05 69.5(2)
Na-04 2.464(5) 02-Na-06 171.7(2)
Na-05 2.738(6) 02-Na-07 54.3(2)
Na-06 2.490(5) 03-Na-05 73.2(2)
Na-07 2.458(5) 03-Na-06 91.4(2)
Na-07 2.479(6) 03-Na-07 123.3(2)
04-Na-05 131.0(2)
04-Na-07 75.7(2)
B1 -02 1.313(9) 02-B1-03 120.4(6)
B1 -06 1.410(8) 02 -B1 -07 121.6(6)
B1-07 1.383(8) 06-B1-07 117.8(6)133
Table 8.4 Continued
B2-03 1.372(8) 03-B2-05 121 .3(6)
B2-05 1.377(8) 03-B2-09 123.7(6)
B2-09 1 .361 (8) 05-B2-09 1 15.1 (5)
B3-01 1.380(8) 01 -B3 -04 122.6(6)
B3-04 1.347(8) 01 -B3-06 119.5(6)
B3-06 1.359(8) 04-B3-06 1 1 8.0(6)
B4-01 1 .51 7(8) 01 -B4-03 105.3(5)
B4-03 1.503(8) 01 -B4-07 110.3(5)
B4-07 1.457(8) 01 -B4-08 1 07.1 (5)
B4-08 1.434(8) 03-B4-07 107.8(5)
03-B4-08 1 1 1 .7(5)
07-B4-08 1 1 4.3(5)
B5-04 1.473(8) 04-B5-05 1 1 0.4(5)
B5-05 1.497(8) 04-B5-08 108.9(5)
B5-08 1.445(8) 04-B5-09 1 08.1 (5)
B5-09 1.472(8) 05-B5-08 108.7(5)
05-B5-09 107.8(5)
08-B5-09 112.9(5)134
demonstrates the degree of distortion. Atom Na is surrounded by two atom 07,
one of each atoms 02, 03, 04, 05, and 06 in an environment of distorted capped
octahedron. The bond distances of Ba-0 range from 2.631(5) to 2.912(5) A with
the mean distance at 2.752 ± 0.084 A. This can compare to the two lengths, four
at 2.915(1) A and four at 2.797(1) A in the structure BaBe2(B03)2,12 and 8-
coordinate Ba-0 ranging from 2.644(2) to 3.020(2) A in Ba2LiB5010.13It also
compares well to a value of 2.80 A calculated from Shannon crystal radii.14 The
bond distances of Na-0 are from 2.458(5) to 2.738(6) A with the average at 2.550
± 0.114 A, which compares to the average distance 2.505 ± 0.112 A of
Cs2Na2B10017,4 and 2.490 ± 0.244 A of NaLiB4O715 with the same coordination. The
Ba-centered polyhedra are connected each other by sharing edges, while the Na-
centered polyhedra are bridged by B03 triangles. Interconnections between the
Ba08 and Na07 polyhedra are made by sharing vertices.
The Ba atom in the structure BaKB5O9 is coordinated to two 04 and 05, one
01, 02, 03, and 08 in an environment of distorted hexagonal bipyrimid, which is
somewhat similar to that of Ba in BaNaB5O9. The angle of 05-Ba-05 is 151.1(2)°.
The K atom is bound by two 08 and 09, one 01, 02, 05, 06, and 07 in a less-
defined polyhedron. The Ba-centered polyhedra are bridged by B04 tetrahedra,
and the K-centered polyhedra are linked by sharing edges. These two kinds of
polyhedra are also connected by sharing edges. Selected interatomic distances
and angles of the structures BaKB5O9 are listed in Table 8.5. The Ba-0 bond
distances vary from 2.690(9) to 3.076(8) A at mean distance of 2.768 ± 0.140 A.
The eight bond distances of K-0 range from 2.646(9) to 2.952(9) A with the ninth135
Table 8.5. Selected angles(°) and distances(A) of BaKB509
Ba-01 2.690(9) 01-Ba-02 69.8(3)
Ba-02 2.759(9) 01 -Ba-03 166.9(3)
Ba-03 2.720(9) 01-Ba-04 52.2(3)
Ba-04 2.716(9) 02-Ba-08 167.5(3)
Ba-04 2.797(9) 03-Ba-04 50.7(2)
Ba-05 2.673(9) 03-Ba-05 92.5(3)
Ba-05 2.71 1 (9) 04-Ba-05 74.0(3)
Ba-08 3.076(8) 04-Ba-08 93.2(2)
05-Ba-08 80.1(3)
K-01 2.952(9) 01-K-02 65.0(3)
K-02 2.844(9) 01-K-05 111.0(3)
K-05 2.90(1) 01-K-06 137.5(3)
K-06 2.67(1) 01-K-07 80.8(3)
K-07 2.646(9) 01-K-08 105.8(3)
K-08 2.90(1) 01-K-09 104.6(3)
K-08 3.34(1) 02-K-05 84.6(3)
K-09 2.88(1) 02-K-07 105.5(3)
K-09 2.88(1) 05-K-06 50.2(3)
06-K-08 112.2(3)
06-K-09 90.4(3)
B1 -07 1.38(2) 04-B1-09 123(1)
B1-09 1.37(2) 07-B1-09 116(1)136
Table 8.5. Contiuned
B2-02 1.40(2) 02-B2-03 1 20(1 )
B2-03 1.35(2) 02-B2-08 1 23(1 )
B2-08 1.32(2) 03-B2-08 1 17(1 )
B3-01 1.47(2) 01 -B3 -03 1 09(1 )
B3-03 1.46(2) 01 -B3 -04 1 05(1 )
B3-04 1.52(2) 01 -B3 -06 1 1 4(1 )
B3-06 1.44(2) 03-B3-04 1 05(1 )
03-B3-06 1 1 2(1 )
04-B6-06 1 1 1 (1 )
B4-05 1 .31 (2) 05-B4-06 1 25(1 )
B4-06 1.47(2) 05-B4-07 1 1 9(1 )
B4-07 1.44(2) 06-B4-07 1 1 6(1 )
B5-01 1.46(2) 01 -B5 -02 1 1 1 (1 )
B5-02 1.50(2) 01 -B5 -08 1 1 3(1 )
B5-08 1.49(2) 01 -B5 -09 1 07(1 )
B5-09 1.48(2) 02-B5-08 1 04(1 )
02-B5-09 1 1 2(1 )
08-B5-09 1 1 0(1 )137
one, unusually long at 3.34(1) A. The mean distance is 2.89 ± 0.20 A compared
well to 2.88 ± 0.19 A of the 9-coordinate K atom in Cs2K2B10017.4
The distances and angles of the borate framework are normal except that
of the triangles B103 in BaNaB5O9 and the B403 in BaKB5O9. The bond distances
of B1-0 and B4-0 are from 1.313(9) to 1.410(8) A and 1.31(2) to 1.47(2) A,
respectively. Both triangles contain one terminal 0 atom that is only bound to one
B atom, these are, 02 in B103 and 05 in B403, in contrast to the other 0 atoms
in the structures bound to two B atoms. The high distortation of the triangles result
from the short bond distances of 1.313(9) A of B1-02 and 1.31(2) A of B4-05.
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Abstract
The polyborate,KLiB8O13, has been synthesized anditsstructure
determined by single-crystal X-ray diffraction methods.It crystallizes in the
monoclinic system with 4-formula units in the space group P21 /c. Cell parameters;
a = 10.927(2), b = 7.728(3), c = 11.244(2) A, 13 = 96.84(1)°, V = 942.7(3) A3. The
structure contains two separate polyborate networks that are identical and
interlocked each other. The networks are composed of two kinds of rings; B307
and B5010, which are fully condensed into B8013 anion groups. This arrangement
of borate framework was previously found in the polyborates Na2B8O13,1 Ag2B8O13,2
and BaB8O13.3 Vacancies in these networks are filled with K and Li atoms.141
Introduction
The polyborates containing B8013 anion groups have been previously
reported to exist in the compounds Na2B8O13,1 Ag2B8O13,2 and BaB8O13.3Each
structure contains two separate interlocking networks comprised of B307 and B8010
rings that are completely condensed into three-dimensional (B8013)n-2n anion
groups.
From the phase study of the K2O-Li2O-B203 ternary system, we have
recently identified the new phase KLiB8O13.In this contribution, we report the
crystal structure of the mixed alkali metal polyborate. As will be seen, the borate
framework resembles those found in the polyborates having B8013 anion groups.142
Experimental
Crystals of KLiB8O13 were grown in a Pt crucible from a stoichiometric melt
that was prepared from KNO3 (JTB,ACS grade), LiNO3 (ALFA, reagent grade), and
B2O3 (ALFA,99.98%). The melt was cooled from 1070 to 800 K at 6 K/h and then
rapidly to room temperature by turning off the power to the furnace. A clear, block
shaped crystal of approximate dimensions 0.12(2) x 0.08(2) x 0.05(2) mm was
mounted on a glass fiber with epoxy for X-ray structure analysis.Data were
collected with a Rigaku AFC6R diffractometer equipped with Mo Ka radiation.
Unit-cell parameters were determined by automatic centering and least-squares
refinement of 14 reflections in the range 27°< 20 < 33°. The Laue symmetry was
established as 2m on the diffractometer. The w -20 scan technique was used to
collect data with a scan speed = 16°/min over the range of indices 0 s h < 13, 0
k < 10, -15 < I15. From the 2853 reflections measured, 1469 had F023a(F02).
Three reflections, chosen as standards and measured after each block of 200 data,
exhibited an overall average intensity decay of 8.7%. The space group P21/c was
determined by the systematic absences; h01; h +l =2n +1, OkO; k=2n+1.
The structure was solved and refined with computer programs from the
TEXSAN crystallographic software package.4 The position of the K atom was
determined by using the direct methods program SHELXS5 and the atomic
positions of the remaining atoms were subsequently deduced by examination of
difference electron density maps. After refinement with isotropic displacement
coefficients on each atom, the data were corrected for absorption with the program
DIFABS.6The final refinement converged to R = 0.042 and IR, = 0.047 with143
anisotropic displacement coefficients on each atom. The final difference electron
density map exhibits maximum and minimum peaks corresponding to 1.0% and
1.1% of the height of the K atom, respectively.The result of the structure
determinations is used to calculate the X-ray powder diffraction pattern using the
program LAZY-PULVERIX.7 The calculated and the observed X-ray powder
patterns are in good agreement. Crystallographic data are given in Table 9.1 and
atomic parameters are listed in Table 9.2.144
Table 9.1. Crystallographic Data for KLiB8O13
chem formula KLiB8013
formula weight,u 340.51
space group P21/c (No.14)
a 10.927(2)A
b 7.728(3)A
c 11.244(2)A
13 96.84(1)°
V 942.7(3) A3
Z 4
Pcalcd 2.399g cm-3
Az(Mo Ka) 5.92 cm-1
T 23 °C
R(Fo)a 0.042
R(F0)b 0.047
aR=E IiFo-iFci i/E1Fol
b1=1,. [Ew( 1 FoiiFci)2/EW IF0i2]112145
Table 9.2. Atomic Coordinates and Isotropic Thermal Parameters for KLiB8O13
atom x y z B(eq)
K 0.65107(9) 0.0284(1) 0.79101(8)2.26(4)
Li 0.8972(6) 0.383(1) 0.8727(6)1.4(3)
B(1) 0.4459(4) 0.1804(6) 0.5536(4)1.0(1)
B(2) 0.7735(4) -0.1059(6) 1.1117(4)0.9(1)
B(3) 0.6117(4) 0.1009(6) 1.0967(4)0.9(1)
B(4) 0.3303(4) 0.0473(6) 0.7099(4)0.9(1)
B(5) 0.7139(3) 0.0232(5) 0.5095(3)0.7(1)
B(6) 0.9029(3) 0.1638(5) 0.6291(3)0.7(1)
B(7) 0.9377(4) -0.1850(5) 0.9726(3)0.8(1)
B(8) 0.9864(4) -0.0786(5) 0.7850(3)0.8(1)
0(1) 0.6969(2) 0.0060(3) 1.0404(2)1.0(1)
0(2) 0.7749(2) 0.1126(3) 0.6015(2)0.9(1)
0(3) 0.4198(2) 0.1704(3) 0.6684(2)1.0(1)
0(4) 0.5368(2) 0.2905(3) 0.5221(2)1.0(1)
0(5) 0.9106(2) -0.0752(3) 0.8755(2)1.0(1)
0(6) 0.6189(2) -0.0844(3) 0.5363(2)0.9(1)
0(7) 0.3978(2) -0.0830(3) 0.7865(2)1.0(1)
0(8) 0.8699(2) -0.1874(4) 1.0664(2)1.2(1)
0(9) 0.7561(2) -0.3569(3) 0.7252(2)0.88(9)
0(10) 0.7399(2) 0.0389(3) 0.3946(2)1.0(1)146
Table 9.2. Continued
0(11) 0.9132(2) 0.3132(3) 0.7089(2)0.9(1)
0(12) 1.0357(2) -0.2932(3) 0.9781(2)0.89(9)
0(13) 0.9738(2) 0.0197(3) 0.6867(2)1.0(1)147
Results and discussion
A labeled drawing of the unit cell of the structure is presented in Figure 9.1.
The borate framework of the structure consists of two separate, interlocking borate
frameworks that can be best appreciated by referring to Figure 9.2.The
frameworks are composed of B307 and B5010 rings that are completely condensed
into three-dimensional (B8013)n-2n anion groups. The vacancies in the networks are
occupied by 10-coordinate K and 4-coordinate Li atoms.
The building blocks of the borate framework of the title compound, as
viewed along the b axis, are B307 and B5010 rings. The B307 ring is composed of
two B03 triangular and two B04 tetrahedral groups, while the B5010 ring comprising
four B03 triangular and one B04 tetrahedral groups. Each B5010 group connects
to two neighboring B307 rings by sharing vertices and links to a like B5010 group by
sharing the edge.Similarly, each 8307 ring links to two B5010 and two B307 rings
via sharing corners.By this manner, a three-dimensional network is thus
established. The chemical formula of the anion group can be easily obtained by
counting the number of the 0 atoms in each B307 and B5010 rings; B303 4/2 + B506
+ 4/2 =B8013. Since a single borate network may not afford an efficient packing of
the atoms in the structure, a double network is formed to avoid a very open, low-
density structure. These two networks are interlocking and they look like twins,
when viewed from the b axis in Figure 9.2. The borate network in the structure is
isoctructal to those of polyborates Na2B8O13,1 Ag2B8O13,2 and BaB8O13,3 although
the title compound is inconsistent in cell parameters with the Na and AgFigure 9.1.
148
Drawing of the unit cell of KLiB8O13 viewing along thea axis. The
largest circles represent 0 atoms, and the smallest B atoms, larger
circles K atoms, smaller circles Li atoms.149
Figure 9.2.Drawing of the strcture ofKLiB8013 viewing along b axis. Triangles
represent B03 groups, tetrahedra BO, groups, larger circles K atoms,
smaller circles Li atoms.150
compounds; however, the Ba compound crystallizes in orthorhombic system. The
phenomenon of two identical networks has been encountered in the structures
Li2B4O7 reported by Hyman a1,9 and NaLiB4O7 discovered in this lab.9
The selected interatomic distances and angles are listed in Table 9.3.
Environments and connectivities of the K- and Li- centered polyhedra can be
established by inspection of Figure 9.1. The K atom is surrounded by ten 0 atoms
in a site having no symmetry other than the identity element. The eight K-0
distances spread from 2.735(3) to 3.155(3) A and the other two are unusually long
at 3.307(3) and 3.322(3) A. The mean distance is 3.004 ± 0.199 A in a good
agreement with the value 3.01 A of the calculated crystal radius for a 10-coordinate
K atom.19 This can also compare to 2.88 ± 019 A of a 9-coordinate K atom in
Cs2K2B 11 10017
The Li atom is bound to four closest 0 atoms in a site of distorted
tetrahedron. The angles of 0-Li-0 are in the range of 95.9(3) to 125.84(4)°
showing the extent of distortion from an ideal tetrahedron. The bond distances of
Li-0 vary from 1.866(7) to 1.944(7) A averaging at 1.909 ± 0.042 A, somewhat
shorter than the distances 1.97 A of Shannon crystal radii,10 and 1.960(3) A
observed in the structure CsLiB6O1012 for the 4-coordinate Li atom.Further
inspection of the Li environment in the structure revealed that the Li atom is also
surrounded by two second closest 0 atoms, 08 and 09, atthe distances of
2.968(7) and 2.927(7) A, respectively.However, the valence contributions of
these two 0 atoms to Li valence are insignificant at 3%, based on the bond-valence
calculation.13 The K- and Li-centered polyhedra are connected by either triangular151
Table 9.3. Interatomic distances (A) and angles (°) for KLiB8013.
K-01 2.795(3) 01-K-02 138.63(8)
K-02 2.735(3) 01-K-03 122.31(8)
K-03 2.943(3) 01-K-04 44.00(7)
K-03 2.924(3) 01-K-05 67.34(7)
K-04 3.322(3) 01-K-06 159.15(8)
K-05 2.991(3) 01-K-07 93.19(7)
K-06 2.974(3) 02-K-03 91 .31 (8)
K-07 2.893(3) 02-K-07 128.18(8)
K-07 3.155(3) 02-K-09 79.80(7)
K-09 3.307(3) 03-K-05 167.82(7)
03-K-07 48.44(7)
03-K-09 122.18(7)
04-K-05 107.13(7)
Li-010 1.866(7) 01 0-Li-01 1 113.7(3)
Li -011 1.947(7) 01 0-Li-01 2 95.9(3)
Li-012 1.880(7) 01 0-Li-01 3 125.84(4)
Li-013 1.944(7) 01 1 -Li-01 2 119.4(3)
012 -Li -013 106.6(3)
B1 -03 1.356(5) 03-B1-04 121 .1 (3)152
Table 9.3. Continued.
B1 -04 1.386(5) 03 -B1 -06 1 21 .2(3)
B1 -06 1.380(5) 04 -B1 -06 117.6(3)
B2-01 1.390(5) 01 -B2-08 120.4(3)
B2-08 1.376(5) 01 -B2-09 122.5(3)
B2-09 1.343(5) 08-B2-09 1 17.1 (3)
B3-01 1.394(5) 01 -B3-04 1 1 5.0(3)
B3-04 1.384(5) 01 -B3 -07 121 .7(3)
B3-07 1.336(5) 04-B3-07 123.3(3)
B4-03 1.480(5) 03-B4-07 108.7(3)
B4-07 1.467(5) 03-B4-09 108.8(3)
B4-09 1 .461 (5) 03-B4-01 0 109.8(3)
B4-01 0 1.483(5) 07-B4-09 1 1 1 .4(3)
07-B4-01 0 109.5(3)
09-B4-01 0 108.6(3)
B5-02 1.352(4) 02-B5-06 1 1 6.9(3)
B5-06 1 .391 (4) 02 -B5 -010 122.8(3)
B5-01 0 1 .361 (4) 06-B5-01 0 120.3(3)
B6-02 1.452(4) 02-B6-01 1 110.4(3)
B6-01 1 1.458(4) 02-B6-012 1 1 3.9(3)
B6-012 1.484(4) 02-B6-013 109.4(3)153
Table 9.3. Continued
B6-013 1.463(4) 011-B6-012 108.3(3)
011-B6-013 109.4(3)
012-B6-013 105.3(3)
B7-05 1.386(5) 05-B7-08 122.3(3)
B7-08 1.358(5) 05-B7-012 120.5(3)
B7-012 1.355(5) 08-B7-012 117.2(3)
B8-05 1.387(5) 05-B8-011 121.2(3)
B8-011 1.375(5) 05-B8-013 125.8(3)
B8-013 1.335(5) 011-B8-013 113.0(3)154
B03 or tetrahedral B04 groups.
Interatomic distances and angles in the borate framework are normal. B4
and B6 occupy tetrahedral sites and B-0 distances vary from 1.458(4) to 1.484(4)
A. The rest B atoms are in triangular planar sites and B-0 distances spread from
1.335(5) to 1.394(5) A. These bond distances can in general compare to those
calculated from Shannon crystal radii of 1.37 A and 1.49 A for 3-coordinate and 4-
coordinate B atoms, respectively.
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Abstract
The polyborates Cs2M2B10017 (M = Na, K) have been prepared and their
structures determined by single-crystal X-ray diffraction methods. They crystallize
in the monoclinic space group C2/c (Z = 4) with unit-cell parameters a = 21.643(3)
A,b = 6.558(2) A, c = 11.072(2) A,[3 = 105.43(1)°, V = 1514.8(6) A3 for the Na
compound and a = 22.547(9) A, b = 6.614(2) A, c = 11.288(4) A,[3 = 103.25(4)°,
V = 1638.3(8) A3 for the K analogue. The new structural type contains a two-
dimensional borate matrix that is built from a complete condensation of the ring
system B5011. The Cs atoms reside within the borate matrix, and the Na(K) atoms
are placed between the thick Cs borate sheets.158
Introduction
Polyborates have long been important for the production of a variety of
glasses. During the past few years, greater interest has developed in crystalline
examples because of the high UV transparency, exceptional optical damage
threshold, and high second-harmonic conversion efficiency of the nonlinear optical
(NLO) crystal LiB3O5 (LBO)) We have also recently synthesized and identified the
compound CsLiB6010 (CLBO) as a promising new NLO material.2 As part of our
effort to identify similar materials and to expand and codify the structural chemistry
of mixed alkali-metal borates, we report here two new compounds, Cs2Na2B1,3017
and Cs2K213,0017, that have resulted from studies of the systems Cs20-M20-B203
(M = Na, K). While the orthoborate CsNa2BO3 was recently described by Schlager
and Hoppe,3 no phases have been reported for the K20 system.159
Experimental section
Synthesis
Powder samples of Cs2Na2B10017and Cs2K2B10017 are prepared by heating
stoichiometric mixtures of the reagents Cs2CO3 (Aldrich, 99.995% ), NaNO3 (JTB,
ACS grade), KNO3 (JTB, ACS grade), and B2O3 (Alfa, 99.98%). The mixtures are
heated in Pt crucibles at 893 K for 1 h, cooled, ground, and again heated at 973 K
for 8 h.Powder diffraction patterns of these materials, obtained with a Philips
diffractometer, match those generated from the results of the single-crystal studies
and the computer program LAZY-PULVERIX.4 Crystals of Cs2Na213,0017 were
grown in a Pt crucible from a melt of molar composition 1 Cs20 : 1.05 Na2O : 2.75
B2O3, while crystals of Cs2K2B10017 were grown directly from a stoichiometric melt.
The melt containing Na was cooled at a rate of 6 K/h from 1003 to 800 K, and the
melt containing K from 983 to 780 K; below the stated minimum temperatures,
each was rapidly cooled to room temperature at 100 K/h. Clear, colorless crystals
of approximate dimensions 0.10 x 0.08 x 0.06 mm for the Na compound and 0.08
x 0.05 x 0.04 mm for the K compound were physically separated from the
respective matrices for single-crystal measurements, though only a few small
crystals were found in the solidified K melt.
Crystallographic study
The crystals were mounted on glass fibers and analyzed on a Rigaku
AFC6R X-ray diffractometer. The unit-cell parameters were derived from least-
squares refinements with the setting angles of 20 automatically-centered reflections160
in the range of 30 < 20 < 36°. Intensity data were collected at room temperature
by using the w-scan technique with a rate = 8 °(w) /min and peak widths = 1.60 +
0.30 tang forCs2Na2B10017 and 1.30 + 0.30 tan0 for Cs2K2B10O17. The cell
constants and Laue symmetry 2/m correspond to the monoclinic system.The
intensity data were collected over the range of indices 0h < 30, 0k s 9, -15
I< 15 for the Na compound and 0 s h < 36, 0 < k < 10, -18 I18 for the K
compound. From 2456 measured reflections for the Na crystal, a total of 1598
were observed [F02> 3a(F2)], for the K crystal, 1815 measured reflections resulted
in 768 observations. The intensities of three representative reflections measured
after every block of 200 data varied by an average of 0.5 % for the Na crystal and
2.3 % for the K crystal. The lower observed rate and generally weaker intensities
associated with the K crystal are reflective of its poorer crystal quality.
The atomic parameters were determined by using programs of the TEXSAN
crystallographic software package' on a p-VAX II computer. The crystals exhibit
systematic absences hkl: h+k=2n+1 and h01: I=2n+1 that are consistent with the
space group C2/c. The Cs atoms were located by using the direct methods
program SHELXS,6 and the remaining atoms were positioned from successive
analyses of difference electron density maps. Afterfull-matrix, least-squares
refinements of the models with isotropic displacement coefficients on each atom,
absorption corrections were applied by using the program DIFABS.7 The data were
averaged with Rint = 0.042 for the Na compound, and 0.117 for the K compound.
The models were then refined with anisotropic displacement coefficients on each
atom in the Na compound. For the K compound, only atoms Cs, K, 02, 07, 09,161
B1, and B3 were refined with anisotropic coefficients. Final refinement resulted
in the residuals R = 0.039 and Rte, = 0.045 for the compound Cs2Na2B1001, and R
= 0.079 and IR,,,, = 0.085 for the compoundCs2K21310017. Neutral atom scattering
factors were taken from the common source.8 The largest peaks in the final
difference electron density maps correspond to 0.62 `)/0 and 1.44 % of a Cs atom
for the Na and K compounds, respectively. Crystallographic data are summarized
in Table 10.1, and atomic positional parameters and displacement coefficients are
listed in Table 10.2.
Solubility
A 0.5-g sample of Cs2Na213,001, was placed in 30 mL of H2O (pH = 5.5) and
shaken for 5 min at room temperature. The sample fully dissolved in 4 hr without
further agitation of the container. Likewise, the K compound dissolved in H2O, but
at a much faster rate than that of Cs2Na2B10017 under the same conditions.162
Table10.1. Crystallographic Data for Cs2M2B10O17 (M =Na, K)
chem formula Cs2Na2B10O17 Cs2K2B10O17
fw 791.88 724.10
space group C2/c (No.15)
a 21.643(3) A 22.547(9) A
b 6.558(2) A 6.614(2) A
c 11.072(2) A 11.288(4) A
13 105.43(1)° 103.25(4) °
V 1514.8(6) A3 1638.3(8) A3
Z 4
Pcalc 3.034 g cm-3 2.935 g cm-3
/./(Mo Ka) 49.33 cm-1 50.13 cm-1
T 298 K
R(Fo)a 0.039 0.079
Rw(Fo)b 0.045 0.085
a R = E II Fo-I Fc II / E I Fo I
b R, = [ E w (I Fo II Fc I)2 / E w I Fo 12 11/2Table 10.2. Atomic Parameters for Cs2M2B10017 (M=Na, K)
M=Na M=K
atom x Y z Beq X Y Z Beq
Cs0.44159(2)0.19304(6)0.40364(4)2.06(1) 0.4456(1)0.1910(3)0.4064(2)3.17(7)
M 0.2670(1)0.0473(4)0.3162(2)1.71(9) 0.2712(3)0.0819(8) 0.3255(4)1.8(2)
B1 0.4447(3)-0.305(1) 0.2636(6)1.2(2) 0.448(2) -0.323(4) 0.264(2) 3(1)
B20.3194(3)0.428(1) 0.4956(5)1.0(2) 0.334(1) 0.443(3) 0.515(2) 1.1(4)
B30.3343(3)-0.222(1) 0.5631(5)1.1(2) 0.351(1) -0.213(3) 0.574(2) 2(1)
B40.3548(3)-0.323(1) 0.3597(5)1.1(2) 0.364(1) -0.314(4) 0.371(2) 1.1(4)
B50.3445(3)-0.137(1) 0.1499(6)1.0(2) 0.354(1) -0.152(3)0.162(2) 1.0(4)
010.1812(2)0.2667(6)0.2563(3)0.8(1) 0.1679(6)0.264(2) 0.238(1) 0.7(2)
020.3189(2)0.2267(6)0.5239(3)1.2(1) 0.3261(7)0.247(2) 0.545(1) 1.3(6)
030.4163(2)0.1613(6)0.6797(4)1.4(1) 0.4212(7)0.189(2) 0.682(1) 1.8(3)
040.3561(2)-0.1769(6)0.4626(3)1.4(1) 0.3688(7)-0.168(2) 0.471(1) 1.4(3)
050.1833(2)-0.0782(6)0.4174(3)1.4(1) 0.1663(7)-0.093(2) 0.401(1) 1.1(3)Table 10.2. Continued
060.3262(2)0.4817(6)0.3811(3) 1.1(1) 0.3353(7)0.488(2) 0.399(1) 1.2(3)
070.4221(2)-0.3654(6)0.3603(4) 1.3(1) 0.4269(8)-0.371(2) 0.367(1) 2.1(6)
080 0.100(1) 1/4 1.9(2) 0 0.168(4) 1/4 2.8(5)
090.3293(2)0.0821(6)0.1501(3) 1.2(1) 0.3454(8)0.070(2) 0.160(1) 1.4(6)
8n
2% Beg (-)
3165
Results and Discussion
A labeled drawing of the structure of Cs2Na2B10077 is shown in Figure 10.1.
Except for small atomic displacements, the K analogue is isostructural (Table 10.2).
The nature of the structure is best appreciated by considering the polyhedral
representation of Figure 10.2. Here, a thick, 2-dimensional polyborate framework
comprised of B04 and B03 groups is seen to propagate in the be plane. The Cs
atoms are sequestered within the polyborate matrix, while the Na (K) atoms bridge
adjacent layers.In its gross features,both with the presence of complex,
negatively charged layers and associated charge compensating cations, this
structure is remindful of those adopted by clay-type materials.
The B-0 framework may be considered to result from the complete
condensation of the simple 138011 unit. As seen in Figure 10.3, this group contains
condensed B307 (2A + 1T) [A = triangular coordination, T = tetrahedral coordination
of B] and B308 (10 + 2T) rings; these two rings share a tetrahedrally coordinated
B atom. Such a group exists as an isolated entity in the compound Bi3138012.9 In
this form, the group contains six bridging 0 atoms, each bound by two B atoms,
and five terminal 0 atoms.Five different formulations are thus possible from
condensation of 138011 groups through the terminal 0 atoms. The title compounds
result from full condensation and are represented by the formula 2 x (138080812) =
B10017. From an enumeration of borate formulasl° that result from condensation
of common borate rings,11 we have found the formula 810017 to be unique.In
essence, the structural nature of the borate matrix is fixed by the stoichiometry.
This relationship between structure and composition, uncommon in solid-state166
Figure 10.1. Labeled drawing of the structure of Cs2Na2B100,7 as viewed along the
b axis. Large open circles represent 0 atoms, small open circles
represent B atoms, small filled circles represent Cs atoms, and small
shaded circles represent Na atoms. Here, and in all ensuing figures.167
0 0 0 0
0 0 0
Figure 10.2. Polyhedral drawing of Cs2K2E310017 as viewed along the b axis.168
Figure 10.3. Drawings of the double ring B5011 group.169
borate chemistry, holds under the assumption that all 0 atoms are coordinated by
no more than two B atoms. The only other condensation of B5011 groups that has
been reported for anhydrous systems is represented by the sharing of four of the
terminal 0 atoms (B50600412 = B509) in the compounds CaNaB5O9 12 and
SrKB5O913
Interatomic distances and angles are listed in Table 10.3. Atoms B1, B2,
and B3 occupy distorted triangular planar sites, while atoms B4 and B5 reside in
distorted tetrahedral sites. The interatomic distances and angles within these
triangles and tetrahedra are normal. B-0 bonds in the triangles vary from 1.340(7)
to 1.393(7) A in the Na compound, and from 1.32(3) to 1.42(3) A in the K
compound. The distances in the distorted tetrahedra range from 1.440(7) to
1.508(7) A in Cs2Na2B10017, and from 1.37(2) to 1.53(3) A in Cs2K2B10O17.
The environments and partial connectivities of the Cs- and Na-centered
polyhedra in the compound Cs2Na2B10O17 are presented in Figure 10.4. The Cs
atom is bound by nine 0 atoms in a site having no symmetry other than the identity
element.Among these connections, seven Cs-0 distances cover the range of
2.947(4) - 3.335(4) A, while the remaining two are longer than 3.5 A. On the basis
of bond-valence calculations,14 we find that each of these two long bonds
contribute only 6% to the Cs valence. The mean distance of the nine interactions
is 3.281 ± 0.200 A, which compares to a calculated distance of 3.12 A from crystal
radii.15 The Na atom is surrounded by seven 0 atoms with Na-O distances falling
in the range 2.304(4)2.561(4) A.The mean distance 2.505 ± 0.112 A is
comparable to the average distance 2.490 ± 0.244 A observed in NaLiB40716and170
Table 10.3. Selected Interatomic Distances (A) and Angles (°) for
Cs2M213,0017(M=Na, K)
M=Na M=K M=Na M=K
Cs-02 3.280(4) 3.43(3) 02-Cs-0342.7(1) 41.2(4)
Cs-03 3.252(4) 3.28(1) 02-Cs-0452.9(1) 55.9(3)
Cs-03 3.335(4) 3.52(1) 02-Cs-0642.89(9) 41.3(3)
Cs-04 3.221(4) 3.12(1) 02-Cs-081 24.81 (9)124.5(3)
Cs-06 3.091(4) 3.15(1) 03-Cs-0460.8(1) 67.9(3)
Cs-07 3.565(4) 3.59(2) 03-Cs-0677.3(1) 74.1(4)
Cs-07 2.947(4) 2.94(1) 03-Cs-08131.7(1) 130.3(3)
Cs-08 3.570(5) 3.44(2) 04-Cs-0689.0(1) 90.2(4)
Cs-09 3.268(4) 3.25(1) 04-Cs-07 1 35.1 (1 ) 135.7(4)
04-Cs-08162.60(7)162.5(3)
04-Cs-0970.8(1) 72.5(3)
06-Cs-0883.39(9) 84.7(3)
06-Cs-0970.8(1) 75.0(4)
07-Cs-0840.7(1) 42.6(4)
08-Cs-0991.93(7) 90.0(3)
M-01 2.304(4) 2.61 (1 ) 01 -M -0295.7(2) 109.8(4)
M-01 2.401(4) 2.70(1) 01 -M -04 1 59.1 (2) 164.2(4)
M-02 2.561(4) 2.73(1) 01 -M -09 106.0(2) 1 1 2.5(4)
M-04 2.61(5) 2.94(1) 01 -M -05 1 1 0.8(2) 105.3(4)
M-05 2.51 0(5) 2.93(2) 02-M-04 68.1 (1 ) 65.8(4)
M-06 2.585(5) 3.07(1) 02-M-0586.9(1) 97.1(4)171
Table 10.3. Continued
M-09 2.563(5) 2.78(2) 02-M-09 114.5(2) 113.8(5)
M-02 3.11(1) 04-M-0592.3(1) 99.6(4)
M-06 3.13(2) 04-M-0993.0(1) 82.6(4)
05-M-09158.4(2) 146.5(4)
B1-03 1.351(7) 1.32(3) 03-B1-07123.7(5) 123.5(27)
B1-07 1.350(7) 1.39(3) 03-B1-08119.1(5) 121.2(23)
B1-08 1.393(7) 1.42(3) 07-B1-08117.2(5) 114.1(16)
B2-02 1.356(7) 1.36(2) 02-B2-05121.7(5) 119.0(19)
B2-05 1.391(7) 1.38(3) 02-B2-06118.6(5) 119.(18)
B2-06 1.361(6) 1.35(3) 01-B1-02119.6(5) 121.3(18)
B3-04 1.353(7) 1.34(3) 04-B3-05120.0(5) 122.7(20)
B3-05 1.340(7) 1.39(3) 04-B3-09123.4(5) 123.2(20)
B3-09 1.354(7) 1.39(3) 05-B3-09116.6(5) 114.0(20)
B4-01 1.440(7) 1.37(2) 01-B4-04108.4(5) 112.0(18)
B4-04 1.484(7) 1.47(3) 01-B4-06110.4(5) 110.4(18)
B4-06 1.470(7) 1.53(3) 01-B4-07112.3(4) 112.0(19)
B4-07 1.480(7) 1.48(3) 04-B4-06111.2(4) 111.5(17)
04-B4-07107.4(5) 106.7(18)
06-B4-07107.1(5) 103.9(17)172
Table 10.3. Contiuned
B5-01 1.446(7) 1.45(3) 01-B5-02112.7(5) 112.2(17)
B5-02 1.478(7) 1.46(2) 01-B5-03111.5(5) 109.8(16)
B5-03 1.508(7) 1.49(3) 01-B5-09107.2(5) 108.4(16)
B5-09 1.475(7) 1.48(2) 02-B5-03105.7(5) 106.4(17)
02-B5-09111.2(4) 112.6(16)
03-B5-09108.6(4) 107.3(17)173
Figure 10.4. Environment and connectivity of the Cs- and Na-centered
polyhedra.174
the value 2.46 A computed from crystal radii for a 7-coordinate Na atom. The Cs-
and Na-centered polyhedra share three 0 atoms - 02, 04, and 09.
A sketch of the Cs- and K-centered polyhedra in the compound Cs2K2B10017
is shown in Figure 10.5. The environment of the Cs atom is similar to that found
in the Na analogue. The nine Cs-0 bond distances vary from 2.94(1) to 3.59(2) A
with the average = 3.30 ± 0.21 A. The K atom is also surrounded by 9 0 atoms.
K-0 distances range from 2.61(1) to 3.13(2) A with the mean distance = 2.89 ±
0.19 A. Because of the large size of the K atom in comparison to that of the Na
atom and small attendant displacements of the atoms, in particular atom 06, the
K and Cs-centered polyhedra are now interconnected through four 0 atoms - 02,
04, 06, and 09.
With the exception of atom 05, which is 3-coordinate, the 0 atoms of the Na
analogue bind 4 metal atoms - two of these being B atoms. Atoms 02, 04, 06,
and 09 also bind one Cs and one Na atom; atoms 03, 07, and 08 hitch two Cs
atoms; and atom 01 grips two Na atoms. The environments of all 0 atoms in the
K derivative resemble those in Cs2Na2B10017, except that two atoms, 02 and 06,
are 5-coordinate and both bind one Cs and two K atoms. The compound
Cs2Na2B100,7 may be viewed as resulting from the reaction 2CsB305 + 1Na2B407.
As such the Cs-Na material is one compound along the phase line defined by the
end members CsB3O5 and Na2B407. The existence of additional phases along this
line can be readily deduced by performing and characterizing the products of two
additional reactions: CsB3O5 + Cs2Na2B10017 and Cs2Na213,0017 + Na2B407. These
reactions have been executed according to the procedures outlined in the175
Figure 10.5. Environment and connectivity of the Cs- and K-centered polyhedra.
two K atoms.176
experimental section, and we observe no unidentifiable peaks in the powder X-ray
diffraction traces. Therefore, no additional, new phases exist along said phase line.
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Abstract
Thebariumalkali-metalboratesBaMB3013(M=Li,Na)are
noncentrosymmetric compounds that are structurally characterized by a complete
condensation of B307 rings, channels extending through this borate framework and
occupied by the Ba and Li(Na) atoms. They crystallize with six formula units in the
trigonal system, space group R 3c(h)Cell parameters from single crystal X-ray
data for BaLiB9O15: a = 10.9595(6), A; c = 17.035(1), A, and V = 1772.0(2) A3; and
for BaNaB9O15 : a = 11.099(2) A, c = 17.401(4) A, and V = 1856.3(7) A3.180
Introduction
Because of both high conversion efficiency and optical damage threshold,
the borate LiB3O5 (LBO) has found widespread use for the frequency conversion
of high-power laser light'.The favorable performance of the material has been
attributed to the electronic structure and relative orientations of the B307 rings that
make up the condensed structure. As part of our continuing development of the
structural chemistry of borates, we describe here the structures of BaLiB9O15 and
BaNaB9O15, two derivatives of the SrLiB9O15 structure type.2 Like LBO, this
noncentrosymmetric structure type exhibits a condensation of B307 rings.181
Experimental
Synthesis
Powders of the alkali-metal Ba borates were synthesized by employing high-
temperature, solid-state methods.Stoichiometric quantities of the starting
reagents, alkali-metal precursors (AESAR, nitrates or carbonates _99.9`)/o) BaCO3
( AESAR, .99.9`)/0) and B2O3 (99.99%), were mixed (a 5 mol % excess B2O3 was
added to compensate for residual water content), ground under hexane, placed
in Pt crucibles, and heated at 873 K for 2 h to decompose the reagents and initiate
the reactions. The samples were cooled, reground and then heated for 12 h at
1073 K.Single crystals of BaLiB9O15 were grownin a Pt crucible from a
stoichiometric melt that was cooled from 1353 to 1053 K at 8 K/h and then at 60
K/h to room temperature. The crystals of BaNaB9O15 were also grown in a Pt
crucible from a melt of molar composition 1 BaO: 0.5 Na2O: 6.05B203 that was
cooled from 1223 to 973 K and then rapidly to room temperature by simply turning
off the power to the furnace.
Crystallographic studies
Crystals of BaLiB9O15 and BaNaB9O15 with edge lengths near 0.1 mm were
selected and mounted on glass fibers with epoxy for structure determinations. All
measurements were made on a Rigaku AFC6R single crystal diffractometer with
graphite-monochromated Mo Karadiation.Cell constants and orientation
matrices for data collection were obtained from least-squares refinements with 20
automatically-centered reflections in the range 30 s 2836°. Cell constants182
correspond to the rhombohedral crystal system, and Laue symmetry 3m was
determined on the diffractometer. Intensity data were collected over the range of
indices 0 < h 5 17, -17 < k < 17, -27 5I27 for the Li compound and -9_ h s 9,
0k 5_ 9, -15 5I5 15 for the Na compound by using the co-scan technique to a
maximum 26 value of 75° for BaLiB9O15 and 60° for BaNaB9O15. From 1960
measured reflections for BaLiB9O15, a total of 1308 were observed [F02>3a(F2)], and
from 1570 reflections for BaNaB9O15 a total of 927 data were observed. The
intensities of three representative reflections measured after every block of 200
data varied by an average of 0.2% for BaLiB9O15 and 0.3% for BaNaB9O15.
The structures were solved by using the TEXSAN software package.' Each
crystal was found to form in the noncentrosymmetric space group R3c(h). The
positions of the Ba atoms were derived from the direct methods program SHELXS,4
while the remaining atoms Na, 0, B, and Li were located from difference electron
density maps. After full-matrix isotropic refinements of the models absorption
corrections were applied with the program DIFABS5 (transmission factors = 0.83
1.22 for BaLiB9O15 and 0.87 - 1.09 for BaNaB9O15). The data were averaged (Rint
= 0.073for BaLiB9O15 and 0.071 for BaNaB9O15), and the models were then
refined with anisotropic displacement coefficients on each atom.Final least-
squares refinements resulted in the residuals R = 0.046 and w R = 0.058 for
BaLiB9O15 and R = 0.037 and w R = 0.043 for BaNaB9O15. The final refinement
cycles converged with No = 0.01 and the maxima and minima in the final electron
density maps correspond respectively, to 2.37% and 1.97% of the Ba atom in the
Li compound, and 0.49% and 0.66% in the Na compound. Powder diffraction183
patterns of these materials, obtained with a Philips diffractometer, agree well those
generated from the results of the single-crystal studies and the computer program
LAZY-PULVERIX.6 Crystal data are outlined in Table 11.1, and atomic positional
and displacement parameters are listed in Table 11.2.184
Table 11.1. Crystal data and experimental conditions for BaMB9O15 (M = Li, Na).
Diffractomer
Radiation
Ba L.iB9015 BaNaB9O15
Rigaku AFC6R
Graphite monochromated Mo Ka (A = 0.70926 A)
Formula wt., u 481.55 497.60
Unit cell Rhombohedral
a, A 10.9595(6) 11.099(2)
c, A 17.035(1) 17.401(4)
v, A3 1772.0(2) 1856.3(7)
Space group R3c(h)
Dcalc,g cm-3 2.707 2.670
F(000) 1344 1392
Z 6
Linear abs. coeff., cm-1 34.46 33.25
No. unique data with
with F02 >3a (F02)
1308 1383
R (F0) 0.046 0.037
R (F0) 0.058 0.043Table 11.2. Positional and Thermal Parameters (Beq) for BaLiB9O15 and BaNaB9O15.
BaLiB9O15 BaNaB9O15
Beq Beq
Ba 0 0 0.4061 1.42(1)0 0 0.3800 1.13(2)
B1 0.7895(8)0.7348(8)0.2177(5)1.1(1) 0.280(1) 0.069(1) 0.1592(6)1.4(3)
B2 0.7296(7)0.8024(7)0.0953(4)0.8(1) 0.390(1) 0.118(1) 0.3764(6)1.4(3)
B3 0.5664(6)0.5728(6)0.1580(7)0.93(5)0.2307(8)-0.1068(8)0.4343(6)0.6(2)
Li(Na)0 0 0.672(2)3(1) 0 0 0.6596(3)1.4(1)
01 0.6055(5)0.6767(5)0.0980(3)0.97(7)0.2583(6)0.0110(8)0.3834(6)0.9(2)
02 0.4491(8)0.894(1) 0.1990(4)1.5(3) 0.1336(8)0.2367(6)0.4794(3)0.8(2)
03 0.8285(6)0.8288(6)0.1599(5)1.5(2) 0.1838(6)0.0039(9)0.0995(4) 1.6(2)
04 0.5521(6)0.4440(8)0.1126(4)1.2(2) 0.2318(6)0.110(1) 0.2208(3) 1.4(2)
05 0.5760(5)0.9320(5)0.0432(3)1.20(8)-0.2549(7)-0.0096(7)0.3209(4) 1.2(2)186
Results and Discussion
The structures of BaMB9015 (M = Li, Na) consist of a 3-dimensional borate
framework, 12-coordinate Ba atom and 6-coordinate Li atom in the BaLiB9015; 9-
coordinate Ba atom and 6-coordinate Na atom in the BaNaB9015. As seen in
Figures 11.1., the framework is built from the condensation of B307 units, that
contain channels along the c axis, filled alternately by Ba and Li(Na) atoms. Two
compounds are isostructural to SrLiB9015.
The basic building block of boron framework is B307 ring, which can be
viewed as a planar B205 group bridged by a tetrahedral B04 group. Two 0 atoms
in the B205 group in the 8307 ring connect to the B04 groups of adjacent B307
rings, while two 0 atoms in the B04 group in the ring link to B205 groups of
neighboring 8307 rings. Therefore, each B307 ring connects to other four like rings
and the B307 rings are thus fully condensed. The chemical formula of framework
can be derived from B3030412 = B305. The title compounds may be appropriately
expressed as BaM(B305)3 in terms of the structure.The structures reported
containing condensed B307 rings so far are LiB305(LB0),7 CsB305,9 TIB305,9 and
SrLi(B305)3. The main feature of the compounds containing B307 rings is their
formation in noncentrosymmetric space groups. The acentricity is consistent the
chirality of the B04 group in the ring.
The connectivity of the compound BaLiB9015 is best appreciated by referring
to Figure 11.2. Ba atom is surrounded by twelve 0 atoms and Li atom by six 0
atoms. Both the metal atoms lie on a site with C3 symmetry. The highly distorted
Li -centered site shares a face 040404 with Ba-centered polyhedron.187
Figure 11.1. Sketch of the three-dimensional borate framework with Ba and Li
atoms filling the tunnels, view is along the c axis. Triangles are B03
groups, tetrahedra BO, groups. Lightly shaded circles represent Ba
atoms, and filled circles represent Li atoms, here and in Figure 11.2
and 11.3.188
03
Figure 11.2. Labeled drawing of Ba- and Li-centered polyhedra in BaLiB9O15.
Large shaded circles represent 0 atoms, and small filled circles
represent B atoms, here and in Figure 11.3.189
The Ba- and Li-centered polyhedra are also connected by face and bridged by B03
triangles along the c axis.
Selected interatomic distances and angles are summarized in Table 11.3.
The bonding distances of Ba-0 are in the range of 2.834(4)2.961(6) A averaging
at 2.965 ± 0.089 A, and compare to 3.03 A for 12-coordinate Ba obtained from
crystal radii. The Li atom has three short bonding distances to atom 03 at 1.889(6)
A and three unusually long distances to atom 04 at 2.80(2) A, in its 3 + 3
coordination environment, compared to the three shorter and longer Li-0 distances
at 1.98(1) and 2.48(2) A respectively, in SrLiB9O15. The mean distance of Li-0 in
BaLiB9015 is 2.345 ± 0.499A, somewhat longer than the length of 2.18 A
calculated for a 6-coordinated Li atom by using crystal radii."
A labeled drawing of environments of the Ba and Na atoms in the structure
of BaNaB9O15 is presented in Figure 11.3. Two polyhedra are linked by B03
triangles and B04 tetrahedra, compared to the edge-sharing in BaLiB9O15.
Different connections in these two structures may stem from the coordination of Ba
atom. The Ba atom is bound by nine 0 atoms in a distorted tricapped trigonal
prismatic environment, which is similar to that of Sr atom in SrLiB9O15. The Ba-0
distances vary from 2.809(5) to 2.962(6) A averaging at 2.878 ± 0.067 A. This
compares to 2.85 ± 0.10 A for the 9-coordinate Ba atom in the structure of
BaNaBO3.12 The Na atom occupies a distorted trigonal prismatic site. The mean
distance, 2.376 ± 0.102 A compares to the 6-coordinate Na-centered environments
in BaNaBO3, Nat -0 = 2.446 ± 0.063 A, and Na2 -O = 2.423 ± 0.100 A.
There are three crystallographically distinct B atoms; atoms B1 and B2 are190
Figure 11.3. Labeled drawing of Ba- and Na-centered polyhedra in BaNaB9O15.
Medium filled circles represent Na atoms.Table 11.3.Selected Bond Distances (A) and Angles (°) for BaLiB9O15 and BaNaB9O15.
BaLi139015 BaNaB9O15 BaLiB9O15 BaNaB9O15
Ba -01 x3 2.961(6) 2.809(5) 01-Ba-01 117.92(5) 119.95(2)
Ba -02 x3 3.047(9) 2.862(6) 01-Ba-02 82.4(2) 84.2(3)
Ba -04 x3 3.039(8) 46.0(2) 49.1(3)
Ba -05 x3 2.838(4) 2.962(6) 121.3(2) 135.8(3)
01-Ba-04 133.7(2)
59.0(2)
01-Ba-05 64.9(2) 62.8(2)
60.1(2) 62.3(2)
02-Ba-02 75.7(3) 87.3(2)
02-Ba-04 104.6(2)
179.6(2)
104.6(2)
02-Ba-05 59.5(2) 61.7(2)Table 11.3. (continued)
BaLiB9O15 BaNaB9015 BaLiB9O15 BaNaB9015
04-Ba-05 120.1(2)
79.3(2)
04-Ba-04 75.1(2)
04-Ba-05 120.1(2)
79.3(2)
120.1(2)
05-Ba-05 116.9(1) 108.6(1)
59.0(2)
Li(Na) -03 x31.889(6) 2.283(6) 03-Li(Na)-03 118.7(4) 100.7(2)
Li(Na) -04 x32.80(2) 2.470(6) 03-Li(Na)-04 94.5(6) 103.6(4)
03-Li(Na)-04 136(1) 150.8(4)
03-Li(Na)-04 54.2(5) 59.0(2)
B1-03 1.33(1) 1.40(1) 03-B1-04 114.5(6) 115.6(8)Table 11.3. (continued)
BaLiB9015 BaNaB9O15 BaLiB9015 BaNaB9O15
B1-04 1.39(1) 1.37(1) 03-B1-05 123.5(6) 120.2(8)
-05 1.345(8) 1.37(1) 04-B1-05 119.5(7) 124.2(9)
B2-01 1.370(6) 1.35(1) 01-B2-02 123.1(6) 120.9(9)
-02 1.32(1) 1.36(1) 01-B2-03 116.1(2) 121.2(9)
-03 1.46(1) 1.36(1) 02-B2-03 119.7(6) 117.9(8)
B3-01 1.42(1) 1.48(1) 01-B3-02 111.8(7) 104.1(7)
-02 1.41(1) 1.51(1) 01-B3-04 102.9(7) 109.1(8)
-04 1.54(1) 1.45(1) 01-B3-05 112.6(4) 114.4(6)
-05 1.51(1) 1.46(1) 02-B3-04 115.7(5) 114.3(6)
02-B3-05 114.6(8) 109.2(7)194
in triangular mode, and B3 is in a tetrahedral mode. The distances and angles for
the B-0 interactions are normal.
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Abstract
The new polyborates Na4Li(B305)5 and Na37Li1.3(B305)5 have been prepared
and their structures determined by the single crystal X-ray diffraction methods.
They crystallize with Z = 4 in the monoclinic space group C2/c; unit-cell parameters
are a = 14.099(2), b = 12.123(2), c = 12.694(1) A,13 = 104.971(9)°, V = 2096.0(4)
A3 for the compound Na4Li(B305)5, and a= 14.065(8), b = 12.091(8), c = 12.719(6)
A,13 = 105.10(4)° V = 2088(2) A3 for Na3.7Li1.3(B305)5 The structures contain
three-dimensional B305 rings that is built from a complete comdensation of the ring
system B307. The Na and Li atoms fill in the vacancies within the borate matrix.198
Introduction
LBO(LiB3O5) has been extensively used as a nonlinear optical material due
to its high damage threshold, high conversion efficiency, and low threshold power.'
The favorable nonlinearity is derived from the borate matrix which is characterized
by the condensation of B305 rings. In the past a few years, we have found several
new borates possessing the same borates matrix;SrLiB9O15, BaLiB9O15,
BaNaB9O15, and CsLiB6010.2-4 Among them, CLBO(CsLiB6O10) appears to be a
very promising nonlinear optical material.' As part of our continuing efforts to
discover new materials that process B305 rings, we have synthesized the
compounds Na4Li(B305)5 and Na3,7Li1.3(B305)5, which are also constituted by B307
rings. Unlike LBO and CLBO, however, and other materials containing B307 rings,
these two compounds crystallize in a centrosymmetric space group.Experimental
Synthesis
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Powder samples of Na4Li(B305)5 [I] and Na3.7Lit3(B305)5 [II] are directly
obtained by heating stoichiometric mixtures of the reagents NaNO3 (JTB, ASC
grade), LiNO3(ALFA, reagent grade), and B203 (Alfa, 99.98%). The samples are
heated in Pt crucibles at 893 K for 1 h, cooled, ground, and again heated at 973 K
for 8 h. Powder diffraction patterns of these materials, obtained with a Philips
diffractometer, match those generated from the results of the single-crystal studies
and the computer program LAZY-PULVERIX.5 Crystals of I were grown in a Pt
crucible directly from a stoichiometric melt, while crystals of II were grown from a
melt corresponding to the formula Na3Li2(B305)5. Both melt were cooled at a rate
of 6 K/h from 1113 to 800 K; below the stated minimum temperatures both were
rapidly cooled to room temperature at 100K/h. Transparent, colorless crystals of
approximate dimensions 0.1 x 0.1 x 0.08 mm for compound I and 0.12 x 0.1 x 0.08
mm for compound II were physically separated from the matrix for single-crystal
measurements.
Crystallographic study
The selected crystals were mounted on glass fibers and analyzed on a
Rigaku AFC6R X-ray diffractometer. The unit-cell parameters were derived by
least-squares refinement of 19 automatically-centered reflections in the range of
30 <28 < 36° for the crystal I, 16 reflections in the range of 25 <20 < 36° forII.
Intensity data were collected at room temperature by using the w20 scan200
technique with a rate = 16°(w)/min and peak widths = 1.50 + 0.30 tans. The cell
constants and Laue symmetry 2/m correspond to the monoclinic system.The
intensity data were collected over the range of indices 0 < h < 17, 0 < k < 16, -17
k 17 for I and 0 41 < 19, 0 < k < 17, -17 <I< 17 for II. From 2857 measured
reflections for I, a total of 1497 were observed [F02> 3a(F2)]; for II, 2579 measured
reflections resulted in 953 observed data. The intensities of three representative
reflections measured after every block of 200 data varied by an average of 5.7 %
for I and 5.6% for II.The atomic parameters were determined by using programs
of the TEXSAN crystallographic software packages on a p-VAX II computer. The
crystals exhibit systematic absences hkl: h+k=2n+1and h01: I=2n+1 that are
consistent with the space group C2/c. The Na atoms were located by using the
direct methods program SHELXS,7 and the remaining atoms were positioned from
successive analyses of difference electron density maps. After full-matrix, least-
squares refinements of the models with isotropic displacement coefficients on each
atom, absorption corrections were applied by using the program DIFABS.8 The
data were averaged with Rint = 0.038 for I, and 0.118 for II. The models were then
refined with anisotropic thermal displacement coefficients on each atom.Final
refinement resulted in the residuals R = 0.040 and IR, = 0.044 for I and R = 0.054
and R, = 0.058 forII. The largest peaks in the final difference electron density
map correspond to 1.3% and 2.4 % of a Na atom forI and II, respectively.
Crystallographic data for the two compounds are summarized in Table 12.1, and
atomic positional and displacement coefficients are listed in Table 12.2.201
Table 12.1. Crystallographic Data for Na4Li(B305)5 and Na3.7Li1.3(B305)5
chem formula Na4Li(B305)5 Na3.7Lii3(8305)5
formula weight,u 661.04 656.22
space group C2/c (No.15)
a= 14.099(2) A 14.065(8) A
b= 12.123(2) A 12.091(8) A
c= 12.694(1) A 12.719(6)A
3= 104.971(9) ° 105.10(4)°
V. 2096.0(4) A3 2088(2) A3
Z 4
Pcacdc= 2.095 g cm-3 2.087 g cm-
3
Az(Mo Ka). 2.49 cm-1 2.47 cm-1
T. 23 °C
R(Fo)a= 0.040 0.054
Rw(F.)b= 0.044 0.058
aR=E I iFo-iFcii/E1F01
blziw= iFch2/EWIF012i1/2Table 12.2. Atomic Coordinates and Isotropic ThermalParameters for Na4Li(B305)5 and Na3.7L11.3(B305)5
Na4Li(13305)5 Na3.71_11.3(6305)5
atom x y z Beg x y z Beg
Nal0.3876(1)0.2050(1)0.6242(1)2.17(6) 0.3871(2)0.2039(3)0.6237(2)2.3(1)
Na20.1212(1)-0.0152(1)0.5418(1)2.96(7) 0.1211(3)-0.0141(4)0.5423(3)3.0(2)
Lit 1/2 0.1408(7) 1/4 1.5(3) 1/2 0.145(2) 1/4 1.5(7)
Li2 0.1211 -0.0141 0.5423 2.4
B10.3461(3)0.1550(3)0.3594(3)1. 3(1) 0.3471(6)0.1538(7)0.3607(6)1.1(3)
B20.3590(3)-0.0717(3)0.5442(3)1.2(1) 0.3591(6)-0.0731(8)0.5456(6)1.2(3)
B30.3110(3)-0.0111(3)0.7165(3)1.2(1) 0.3120(6)-0.0097(7)0.7182(6)0.9(3)
B40.5157(3)0.3742(3)0.3478(3)1.3(1) 0.5157(6)0.3767(8)0.3474(6)1.2(3)
B5 1/2 0.4436(4)3/4 1.2(2) 1/2 0.442(1) 3/4 1.5(5)
B60.5180(2)0.2120(3)0.4717(3)1.2(1) 0.5190(7)0.2172(8)0.4711(6)1.4(4)
B70.3196(3)0.3981(3)0.7174(3)1.2(1) 0.3190(6)0.3961(7)0.7172(6)1.1(3)
B80.3764(3)0.1195(3)0.8667(3)1.2(1) 0.3759(6)0.1202(8)0.8669(7)1.5(4)Table 12.2 Continued
020.4106(2)0.2027(2)0.4445(2)1.57(9) 0.4113(3)0.2033(5)0.4443(4) 1.6(2)
030.3536(2)0.0964(2)0.7585(2)1.44(8) 0.3520(4)0.0968(4)0.7597(3) 1.3(2)
040.2090(2)-0.0242(2)0.7211(2)1.30(8) 0.2081(3)-0.0243(4)0.7212(4) 1.5(2)
050.2524(2)0.3339(2)0.6436(2)1.46(9) 0.2521(3)0.3336(4)0.6435(4) 1.5(2)
060.5522(2)0.1931(2)0.5894(2)1.37(8) 0.5552(3)0.1964(4)0.5888(3) 1.4(2)
070.3271(2)-0.0642(2)0.4319(2) 1.9(1) 0.3278(4)-0.0627(5)0.4344(4)2.0(2)
080.4145(2)0.3734(2)0.7234(2) 1.49(9) 0.4145(3)0.3711(4)0.7236(4) 1.5(2)
090.4383(2)-0.1344(2)0.5908(2) 1.36(9) 0.4367(3)-0.1366(4)0.5911(4) 1.4(2)
0100.5411(2)0.3260(2)0.4473(2) 1.67(9) 0.5411(4)0.3285(4)0.4465(4) 1.5(2)
0110.5057(2)0.4857(2)0.3476(2) 1.45(9) 0.5054(3)0.4876(4)0.3471(4) 1.4(2)
0121/2 0.3157(2) 1/4 1.6(1) 1/2 0.3174(6) 1/4 1.3(3)
0130.3731(2)0.0993(2)0.2785(2)1.40(8) 0.3740(3)0.0981(4)0.2799(4)1.2(2)
B-(-87tE Uija;aj'api
eq204
Results and Discussion
A drawing of the structure of Na4Li(B305)5 as viewed along the c axis is
given in Figure 12.1.Except for small atomic displacements, the structure
Na3.7Li1.3(B305)5 is isostructural (Table 12.2). The nature of the three-dimensional
framework is best appreciated by considering the polyhedral representation of
Figure 12.2.Here, a thick, 3-dimensional polyborate framework is built from a
complete condensation of 8307 rings. Visual inspection of Figure 12.1 revealed
that the framework contains cavities extending along the c axis, the sites in these
cavities are filled with two types of Na and one type of Li atoms.
The B307 ring consists of two B03 groups sharing a common 0 atom to form
a B205 pyroborate group, a B04 tetrahedra is attached to the B205 group by sharing
vertics with of the two 0 atoms. Each B307 ring connects to other four similar rings
to establish the three-dimensional framework.The chemical formula of the
framework can be simply derived from B3030412 = B305.
Selected interatomic distances and angles are listed in Table 12.3. The Li
atom is bound by 5 0 atoms in a site that can be best described as a distorted
trigonal bipyramid having C2 symmetry. The angle 09-Li-09 in the axial direction
deviates from a linear interaction by 4.5(5)°. The Li-0 interaction distances range
from 1.979(3) to 2.120(3) A with an average of 2.009 ± 0.062 A. These distances
compare well to those observed from the 5-coordinate Li atom in the compounds
SrLiBO3,9 1.95(2) to 2.13(1) A, and BaLiB03,9' 1° 1.936(7) to 2.196(6) A. Atom Nal
is surrounded by six 0 atoms in an environment that may be described as a
distorted capped trigonal bipyramid. Among them, the five interatomic distances205
Figure. 12.1. Sketch of the three-dimensional framework with the Nat,Na2, and
Li atoms filling the cavities, as viewed from the c axis. triangles B03
groups, and tetrahedra BO, groups. Larger and lighter circles
represent Nal atoms, larger and darker circles Na2 atoms, and
smaller and darker Li atoms. Here, and in Figure 12.2.206
Figure. 12.2. Sketch of the three-dimensional framework with the Nat, Na2, and
Li atoms as viewed from the b axis.Table 12.3. Selected interatomic Distances (A) and Angles (°) for Na4Li(B305)5 and Na37Li1,3(B305)5
Na4Li(B305)5 Na3.7Li1.3(B303)3 Na4Li(B305)5 Na3.71-11.3(B305)5
Nat -01 2.840(3) 2.788(7) 01- Nat -02 92.02(8) 92.9(2)
Nat -02 2.386(3) 2.393(5) 01- Nat -03 53.00(7) 53.4(2)
Nat -03 2.300(3) 2.315(5) 01- Nat -05 107.07(8) 107.3(2)
Nat -05 2.526(3) 2.525(6) 02- Nat -03 144.0(1) 145.3(2)
Nal -06 2.475(3) 2.518(6) 02- Nat -06 57.57(8) 57.2(2)
Nat -08 2.378(3) 2.365(6) 02- Nat -08 118.30(9) 118.1(2)
03- Nat -08 97.67(9) 96.5(2)
05- Nat -06 145.00(9) 143.6(2)
06- Nat -08 96.65(9) 95.5(2)
Na2-01 2.542(3) 2.553(6) 01-Na2-04 57.28(8) 57.6(2)
Na2-04 2.295(3) 2.289(6) 01-Na2-010 118.7(1) 119.0(2)
Na2-010 2.392(3) 2.379(7) 04- Nat -010 121.5(1) 122.0(2)
Na2-011 2.580(3) 2.590(6) 04-Na2-011 173.4(1) 173.3(2)
N
Na2-011 2.569(3) 2.559(6) 010-Na2-011 54.86(8) 54.5(2) o
-.1Table 12.3. Selected interatomic Distances (A) and Angles (°) for Na4Li(B305)5 and Na30305)5
Na4L1(B305)5 N 3(B305)5 Na4Li(B305)5 Na3 7Lii 0305)5
Nat -01 2.840(3) 2.788(7) 01- Nat -02 92.02(8) 92.9(2)
Nat -02 2.386(3) 2.393(5) 01- Nat -03 53.00(7) 53.4(2)
Nat -03 2.300(3) 2.315(5) 01- Nat -05 107.07(8) 107.3(2)
Nat -05 2.526(3) 2.525(6) 02- Nat -03 144.0(1) 145.3(2)
Nat -06 2.475(3) 2.518(6) 02- Nat -06 57.57(8) 57.2(2)
Nat -08 2.378(3) 2.365(6) 02- Nat -08 118.30(9) 118.1(2)
03- Nat -08 97.67(9) 96.5(2)
05- Nat -06 145.00(9) 143.6(2)
06- Nat -08 96.65(9) 95.5(2)
Na2-01 2.542(3) 2.553(6) 01 -Na2-04 57.28(8) 57.6(2)
Na2-04 2.295(3) 2.289(6) 01 -Na2-01 0 118.7(1) 119.0(2)
Na2-010 2.392(3) 2.379(7) 04-Nat -010 121.5(1) 122.0(2)
Na2-01 1 2.580(3) 2.590(6) 04-Na2-01 1 173.4(1) 173.3(2)
Na2-011 2.569(3) 2.559(6) 010-Na2-011 54.86(8) 54.5(2)Table 12.3 (Continued)
B3-04 1.464(4) 1.482(9) 01-B3-013 113.3(3) 113.5(6)
B3-013 1.475(4) 1.470(9) 03-B3-04 113.2(3) 112.9(6)
03-B3-013 108.5(3) 109.4(6)
04-B3-013 110.7(3) 110.5(6)
B4-010 1.354(4) 1.350(9) 010-B4-011 115.7(3) 115.7(7)
B4-011 1.359(4) 1.35(1) 010-B4-012 123.6(3) 123.3(8)
B4-012 1.397(4) 1.398(9) 011-B4-012 120.8(3) 121.1(7)
B5-08 x21.443(3) 1.444(9) 08-B5-08 107.7(4) 107.1(9)
B5-011 x21.491(4) 1.485(9) 08-B5-011 113.3(1) 113.1(3)
08-B5-011 106.4(1) 106.7(3)
011-B5-011 109.9(3) 110.1(9)
B6-02 1.467(4) 1.47(1) 02-B6-06 106.0(3) 106.1(6)
B6-06 1.465(4) 1.472(9) 02-B6-09 112.1(3) 110.5(7)
B6-09 1.466(4) 1.490(9) 02-B6-010 107.1(3) 108.9(7)
B6-010 1.471(4) 1.43(1) 06-B6-09 112.2(3) 110.3(7)Table 12.3 (Continued)
06-B6-010
09-B6-010
109.2(3)
109.2(3)
110.2(7)
110.7(6)
B7-04 1.350(4) 1.357(9) 04-B7-05 122.0(3) 122.7(7)
B7-05 1.386(4) 1.37(1) 04-B7-08 124.0(3) 123.0(7)
B7-08 1.354(4) 1.36(1) 05- B7 - =08 114.0(3) 114.3(6)
B8-03 1.357(4) 1.347(9) 03-B8-06 120.6(3) 121.9(7)
B8-06 1.353(4) 1.35(1) 03-B8-07 118.8(3) 118.8(7)
B8-07 1.384(4) 1.407(9) 06-B8-07 120.6(3) 119.3(7)211
for Nal -0 interactions are from 2.300(3) A to 2.526(3) A and the sixth one is
2.840(3) A. The mean distance of these six bonds is 2.484 ± 0.191 A compared
to those 6-coordinate Na atoms in the compound BaNaB03,11 2.446 ± 0.027 A for
Nal atom, and 2.423 ± 0.045 A for Na2 atom. The Na2 atom is bound by 5 0
atoms in a site that may be described as a flattened square base pyramid. The
Na2-0 distances vary from 2.295(3) to 2.542(3) A with a mean at 2.476 ± 0.126 A,
comparable to the value 2.41A computed for 5-coordinate Na atom by using
crystal radii.12
The two Na-centered polyhedra, Na106 and Na206, share only one atom
01, while the Li-centered polyhedra have no direct connection to these Na
polyhedra. The connection is only through bridging B03 groups. The polyhedra
Na206 themselves are linked via edges, while the polyhedra Nal 06 are connected
by B03 groups.
There are eight crystallographically independent B atoms; five of them B1,
B2, B4, B7, and B8 are in triangular mode, and three of them - B3, B5, and B6 are
in tetrahedral mode. To satisfy the 2:1 ratio of B03 and B04 groups in 8307 rings,
B5 is in special position. atoms B1, B3, and B7 form a B307 ring; atoms B2, B6,
and B8 constitute the another 8307 ring; atoms B4 and B5 also build the same ring
as seen clearly in Figure 12.2. Therefore, there are three independent B307 rings
in the structure. Further inspection of Figure 12.2 revealed that atom B5, which
lies in the special position having C2 symmetry, serves as the inversion center not
only for Na and Li atoms, but also for the framework of B307 rings. As a result, the
structure is centrosymmetric.In comparison with the 7 noncentrosymmetric212
structures containing B307 ringsLBO, CLBO, CsB3O5, TIB3O5, SrLiB9O15, and
BaMB9O15(M = Li, Na), there are only one crystallogrphically distinct B307 ring.
The interatomic distances for B-0 are from 1.349(4) to 1.387(4) A for 3-coordinate
B atoms, 1.443(3) to 1.491(4) A for 4-coordinate B atoms, comparable to 1.37 A
and 1.49 A of Shannon crystal radii, respectively.
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Abstract
The new polyborate CsLiB60,c, has been synthesized and its structure
determined by the single crystal X-ray diffraction methods. It crystallizes with four
formula units in the noncentrosymmetric tetragonal space group 142d in a cell of
dimensions a = 10.460(1) A, c = 8.955(2) A, V = 979.8(3) A3. The structure was
determined from 380 unique reflections and refined to the final residuals R =
0.029 and Rw = 0.039.The borate framework is characterized by a full
condensation of B307 rings.Eight-coordinate Cs atoms and four-coordinate Li
atoms lie in tunnels that extend along the a and c axes. The magnitude of the
second-harmonic signal produced with a 1064-nm laser beam is 160 % of that
produced by KDP (KH2PO4).
Materials index: Cesium, Lithium, polyborate.216
Introduction
Crystalline LiB3O5 (LBO) 2 is an extensively used and studied nonlinear
optical material.Its uses derive from a combination of UV transparency, high
damage threshold, and adequate birefringence for phasematching an extensive
range of wavelengths. Second harmonics of dye' and Ti: sapphire' lasers have
been produced with the material, and wavelengths as short as 188 nm have
been generated.5 A variety of devices employing Nd:YAG harmonically pumped
crystals are also being developed for the production of IR and UV radiation.6
Although widely available, the material melts incongruently, necessitating the use
of a slow, top-seeded solution method for the production of large crystals.
The structure of LBO is derived from the full condensation of the simple
B307 ring system. During the past few years, we have identified several new
compounds having structures that are characterized by a similar condensation
of rings.7-1° In this contribution, we describe the structure and properties of one
of these compounds CsLiB6O10, a promising new nonlinear optical material.217
Experimental
Synthesis and crystallographic study
A microcrystalline sample of CsLiB6010 was prepared by using standard
high-temperature solid-state techniques. A stoichiometric mixture of Cs2CO3
(Aldrich, 99.995%), LiNO3(ALFA, regent grade), and B203 (AESAR, 99.98%) was
heated at 893 K for 1 h, cooled and ground, and then heated again at 973 K for
8 h. The product was found to be single phase by comparing the experimental
and powder X-ray diffraction pattern to one generated with the program LAZY-
PULVERIX" and the results of the single-crystal analysis (vide infra).
Crystals were grown from a stoichiometric melt. The melt was cooled in
a Pt crucible from 1160 to 893 K at 6 K/h and then to room temperature at 60
K/h. A colorless, transparent crystal of approximate dimensions of 0.2 x 0.1 x
0.1 mm was selected and mounted on a glass fiber with epoxy for structure
determination.All measurements were made with graphite-monochromated Mo
Ka radiation on a Rigaku AFC6R diffractometer. Unit-cell parameters and an
orientation matrix for data collection were obtained from a least-squares
refinement with 20 automatically-centered reflections in the range 30°s 28 s 36°.
Laue symmetry 4/mmm was determined on the diffractometer.Intensity data
were collected over the range of indices 0 s h s 14, 0 _s k s 14, 0 sI s 12 by
using the w-20 scan technique to a maximum 20 = 60°. Of the 831 reflections
collected, 446 data were unique, and 380 had F(2,3c(F20).
The structure was solved and refined by using programs from the
TEXSAN crystallographic software package,' and allcalculations were218
performed on a Digital ,u -VAXII computer. The intensity statistics were indicative
of a noncentrosymmetric space group, and systematic absences were consistent
with two space groups 142d and 141md.Successful structure solution and
refinement support the assignment 142d. The Cs atom was located by using the
direct methods program SHELXS,13 and the remaining atoms were positioned
from successive analyses of difference electron density maps.Following
refinement of the model with isotropic displacement coefficients on each atom,
the data were corrected for absorption with the program DIFABS14 and averaged
(Flint= 0.038). The final difference electron density map revealed a minimum
peak of -3.35 eA3 and maximum peak of 4.12 eA3, corresponding to 0.41% and
0.50% of Cs atom peak intensity, respectively. Final least-squares refinement
of Fo with those reflections having F(2,3o(FD resulted in the residuals R= 0.029,
Rw = 0.039. Final positional parameters and equivalent displacement coefficients
are listed in Table 13.1. Interatomic distances and angles are summarized in
Table 13.2.
Frequency conversion measurement
A measurement of the efficiency of second harmonic generation from a
selection of small crystals was obtained by the method of Kurtz and Perry.15
Fundamental 1064-nm light was generated with a Q-switched Molectron MY-34
Nd3+:YAG laser, filtered, and passed through the sample mounted on a silica
glass plate. The second harmonic was directed onto a photomultiplier tube219
Table 13.1. Crystallographic Data and Atomic Parameters for CsLiB6010.
a=10.460 (1), c = 8.955 (2) A, space group I42d (No. 122), Z = 4, formula wt. =
364.70 u, p = 37.84 cm1, calc=2.472 g cm-3, 380 averaged reflections, 43
variables, R = 0.29, Rw = 0.39.
atom site symmetry x y z Beg
Cs S4 0 0 0 2.61(2)
Li S4 0 0 1/2 1.5(3)
01 0.1977(3)-0.0570(3)0.2564(3) 12(1)
02 0.1447(3)0.1029(3)0.4301(4) 12(1)
03 C2 1/4 0.2009(5)7/8 20(2)
B1 C2 1/4 0.0238(6)3/8 1.02)
B2 0.2671(4)-0.1493(5)0.1898(5) 12(2)
8n2
Bee Ei Ujia;a3aia3220
Table 13.2. Selected interatomic Distances (A) and Angles (°) for CsLiB6010.
Cs-01 x 4 3.147(3) 01-Cs-01 86.3(1)
Cs-03 x 4 3.537(3) 01-Cs-01 122.16(7)
01-Cs-03 81.81(6)
01-Cs-03 107.43(7)
01-Cs-03 127.18(8)
03-Cs-03 95.75(1)
03-Cs-03 143.10(3)
Li-02 x 4 1.960(3) 02-Li-02 142.8(2)
02-Li-02 95.85(6)
B1-01 x 2 1.463(5) 01-B1-01 109.5(1)
B1-02 x 2 1.463(4) 01-B1-02 111.3(2)
02-B1-02 105.7(2)
01-B1-02 106.8(6)
B2-01 1.347(5) 01-B2-01 112.3(2)
B2-02 1.363(5) 01-B2-02 124.0(2)
B2-03 1.388(5) 02-B2-03 119.8(4)221
throughadichroicmirrorandmonitoredwithaTektronix
oscilloscope.microcrystalline KDP served as the standard.222
Results and discussion
A labeled drawing of the contents of the unit cell is given in Figure 13.1.
The structure may be described as a 3-dimensional borate framework
encompassing 8-coordinate Cs atoms and 4-coordinate Li atoms.The
framework is a complete condensation of B307 rings that fuse by sharing vertices.
Sites in channels extending along the a, and c axes are occupied by Cs and Li
atoms.
As seen in Figure 13.2, the Cs and Li atoms alternate in their occupation
of sites along the c direction. Along the a direction (figure 13.3), the Cs atoms
lie toward the centers of oblong tunnels, while the Li atoms reside at the
periphery.
The Cs atom occupies a site having S4 symmetry and two distinct
interatomic distances to four each of atoms 01 and 03 (cf. Table 13.2) The
symmetry and distances result in a distorted tetrahedron of 01 atoms that is
penetrated by a larger, distorted tetrahedron of 03 atoms, producing an irregular
dodecahedral environment about the Cs atom. Neighboring Cs atoms share
common 03 vertexes to form a 3-dimensional framework (Figure 13.1). Each
Cs08 polyhedron also shares four of its 01...03 edges with B203 groups and
four 01 vertexes with B104 groups. Since the Li atom binds only to the 02 atom,
there is no common polyhedral element connecting the Li and Cs atoms.
The tetrahedral environment of the Li atom is highly flattened as indicated
by the angle 02-Li-02 = 142.8(2)°. The Li-0 distance, 1.969(3) A, may be223
e
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Figure 13.1Drawing of the structure of CsLiB6O10. The largest open circles
represent 0 atoms, medium open circles represent Cs atoms, and
the small filled circles represent Li atoms, here, and in the ensuing
figures. B-0 interactions are designated by shaded bonds.Ve-.-sz/Z,
,GIA
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Figure 13.2Polyhedral view of CsLiB60,0 along the c axis.225
Figure 13.3. Polyhedral view of CsLiB6O10 alongthe a axis.226
compared to the Li-0 distances that range from 1.98(3) to 2.17(8) A in the
distorted tetrahedral environments of LBO." Interatomic B-0 distances and 0-B-
0 angles for the 4-coordinate B1 atom and 3-coordinate B2 atom are normal.
Atoms 01 and 02 are bound by three cations, and atom 04 by four. Atom 01
is linked to B1, B2, and Cs; 02 is linked to B1, B2, and Li; and 03 is linked to two
B2 and two Cs.
Because the compound crystallizes in a noncentrosymmetric space group,
we have computed the expected second-order nonlinear optical coefficients on
the basis of the anion group model.17 Considering only the alignment of the B307
rings, we compute a maximum nonlinearity for CsLiB6010 that is approximately
15% greater than that of LBO. While the alignment of groups is slightly better in
the Cs compound, the density of chromophores is lower by 34%. As a result, the
nonlinearity of the Cs compound should be similar to the susceptibility of LBO
(d32 = 0.8 pmN).18 This result is consistent with the magnitude of the second-
harmonic signal from a collection of small single crystals which is 1.6 times that
of KDP for a 1064-nm fundamental. Since the orientations of the B307 rings are
highly skewed from a coplanar arrangement, we also expect the birefingence and
phasematching characteristics to be similar to those of LBO.227
It should be noted that crystal symmetry of the material is the same as that of
common frequency converter KDP.
Unlike LBO, which undergoes an incongruent decomposition, the Cs
compound appears to melt congruently with Tmp = 1148 K.Crystals having
dimensions of several mm have been produced from stoichiometric melts by
using a gradient-freeze technique.
Conclusions
The material CsLiB60,0 is a new, noncentrosymmetric compound having
optical and crystal-growth characteristics that make it attractive for continued
development as a nonlinear optical material.
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APPENDIX 1
Eu2+ Luminescence In the Polyborate CsLiB6O10
2 mole% Eu2+ (Eu203 99.99%, MOLYCORP) was doped into the sample and
the mixed compound Eu0.02Cs0.981-1136010.1 was heated at 1043 K in an atmosphere
of 25N2 :1 H2. The resulting products were checked by X-ray powder diffraction.
The powder shows bright violet color under UV light.Steady-state, room-
temperature luminescence spectra were obtained. The procedures and apparatus
of measurement are the same as described in Chapter 2.
This composition shows an intense emission extending from 350 to 435 nm
with a maximum at 383 nm. This can compare to the maximum emissions at 367
nm in the compound Eu2+:SrB407.1 and 390 nm in the compoundEu:SrB6O10.2 The
position of the excitation maximum is 288.5 nm. The broad emission can be
assigned to the allowed transition from the upper configuration 4f65d1 to the ground
level 4f'. The Eu2+ emission has been found to range from the UV to the red? The
one trend observed is that as the crystal field strength of the host increases, the
emission shifts to longer wavelength.' The other trend might be that the larger in
size, and more anisotropic, the longer wavelength (red shift) of the emission
because of the reorientation of Eu2+ ground state configuration.5 As mentioned in
Chapter 13, the Cs atom is eight coordinate with four long (3.537(3) A) and four
short (3.147(3) A) bond lengths. The size here is apparently bigger than those in
SrB4O7 and SrB6O10. The UV emission of the title compound may stem from the
first argument, that is, the weak crystal field of the Cs08 causes the small Stokesshift.
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As I know, no report in literature is available for Eu luminescence in Cs site
so far, this work provides the first example.200 250 300 350 400 450 500
Wavelength (nm)
550
Figure Al.Exitation and Emission Spectra of the Luminescence of 1% Eu2+: CsLiB60,0 at 298 K.239
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APPENDIX 2
Eu2+ Luminescence In the Polyborate BaNaB9O15
The sample BaNaB9O15 doped with 1 mol% Eu203 were synthesized by
using the preparative method described in Chapter 11.The mixed samples
Eu0.02Ba0.38NaB9015 were heated in a reducing atmosphere of 4% H2 in N2 to
convert the Eu203 dopant source to Eu2+ with the host, and subsequently checked
by X-ray powder diffraction.The procedures and apparatus of luminescence
measurement are the same as described in Chapter 2.
An excitation and an emission spectrum, Figure A2.1, of the Eu2+-doped
BaNaB9O15 powder exhibited broad peaks with maxima at 316 nm and 415 nm,
respectively.The maximum emission can be compared to the Eu2+-doped
compounds BaB8013,1400 nm, BaMgA116027,2450 nm, and BaMgAI10O17,3 450 nm.
The broad excitation band indicates the lowest excited state to be from the 4f65d
configuration.
The 99-nm Stokes shift in Eu0.02B43.38NaB3015sample can compare well with
shifts for other Ba borates of approximately 110 nm for Eu2+:BaGaB30164 and 140
nm for Eu2+:BaB8013.1 The moderate Stokes shift likely results from the nature of
the Ba site on which the Eu2+ ion resides. As described in Chapter 11, the Ba site
is nine coordinate with C symmetry. The Ba-O distances vary from 2.809(5) to
2.962(6) A. Because of the symmetry and less anisotropic on Ba site, UV emission
may be expected.250 300 350 400 450 500
Wavelength (nm)
550
Figure A2.Excitation and Emission Spectra of the Luminescence of 2% Eu2+: BaNaB9O15 at 298 K.242
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